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Fluorescent sensors based on molecular imprinting technology  
using novel biomimetic polymers 
 
Rongfang Yang 
Department of Chemistry, University of New Hampshire, Durham NH 03824 
 
Molecular recognition can be thought as the process in which two or more molecules 
bind to one another in specific geometry through noncovalent bonding. Bioreceptors, such as 
antibodies, enzymes, and DNAs can specifically bind to its target with high binding affinity and 
selectivity. However, the bio receptors are suffering from low stability and tolerance to extreme 
pH, temperature and organic solvents. 
To overcome the disadvantages of the bioreceptors, novel biomimetic molecularly 
imprinted polymers (MIPs) were developed by Seitz group.  Different from the conventional 
MIPs with high percentage of covalent crosslinking, the biomimetic MIPs contain less than 5% 
mole percent covalent crosslinking. A second kind of non-covalent crosslinking was 
incorporated into the MIPs to keep the configuration of the binding sites. With the combination 
of covalent crosslinking and noncovalent crosslinking, the MIPs can bind to the template with 
high affinity and fast kinetics,  just like bioreceptors.   
The novel material was based on the Poly(N-isopropylacrylamide) (PNIPAm) which is  a 
well known thermally responsive material.  PNIPAms exist as well solvated coils at low 
 xix 
 
temperature but aggregate out of solution when temperature is elevated above the critical 
temperature. This is similar to the denaturation of protein upon elevation of temperature. 
The MIPs were prepared in the presence of the template molecules by Reversible 
Addition-Fragmentation Transfer (RAFT) polymerization. After removal of the template, 
binding cavities with a three-dimensional structure complementary to the template were left 
inside the polymer scaffold.   RAFT polymerization is compatible with different kinds of 
monomers. This makes it convenient to make MIPs for various target molecules.  
 
The MIPs with high physical stability, straight forward preparation, predictable binding 
affinity and low cost have been proved to be excellent receptors in fluorescent sensors. Sensors 
based on fluorescence resonance energy transfer (FRET) and ―on/off‖ sensors with internal 
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CHAPTER 1 INTRODUCTION 
 
1.1 Molecular recognition process in nature  
Molecular recognition can be thought of as the process by which two or more molecules 
bind to one another in specific geometry through noncovalent bonding such as van der Waals 




The principle of Molecular recognition can be explained with a ―lock-and-key‖ 
mechanism, involving interactions between host (the ―lock‖) and the structural complementary 
guest (the ― key‖). 5,6,7 The functional groups on the ―key‖ compound are unique, like grooves on 
keys, and are complementary to binding sites on the ―lock‖ compound.8,9,10 Therefore, the ―lock‖ 




Figure 1.1 “ Lock ‖ and ― Key ‖analogy for molecular recognition process11 
Functional Groups on the 
analogues 
Functional Groups on the 
―lock‖ compound 




  Molecular recognition forms the basis for virtually all biological processes.
12
 It is the 
driving force in many biological systems including the interactions between enzyme and 
substrate
13
, antibody and antigen
14
, DNA and protein
15
, sugar and lectin
16




Enzymes are macromolecular biological catalyst that can catalyze more than 5,000 
biochemical reaction.
18
 They are generally globular proteins with a specific binding pocket.  This 
pocket has a complementary shape, charge and hydrophilic/hydrophobic characteristics to the 
substrate. 
19, 20 
Enzymes can therefore distinguish between very similar substrate molecules to be 
chemoslective, regioselective and stereospecfic.
21 
For example, lactase can specifically bind to 
lactose and break it down to glucose as shown in figure 1.2.
  22
   Lacking lactase, a person may 




Figure 1.2 Lactase break lactose into glucose 
Another example of the molecular recognition is the interaction between antibody and 
antigen after the introduction of vaccination.  Every year millions of people have been protected 
against potentially fatal diseases by  vaccination program.
24 
 Each vaccine contains different type 
of antigen, usually a weaken form of virus or bacterium that can cause a particular disease.
25 
 
When the vaccine was injected into human body, the B lymphocytes cells from the body immune 
 3 
 
system could detect the antigen, and evolved into memory B cells that could produce 
antibodies.
26  
 These Y- or T-shaped  molecules contained binding sites that are specifically 
tailored for the antigen. Therefore, the antibody could recognize the antigen, selectively bind to it, 
and prevent it from attacking healthy cells.
27, 28
 Over time, the antibodies will gradually 




Figure 1.3 The interaction between antibody and antigen after the introduction of vaccination 
 
Due to the astonishing capacity for specifically recognizing target molecules, 









 and targeted drug deliver
33
. 
However, the synthesis and separation of these bio-macromolecules are time and labor 
consuming.  They have low stability and tolerance to extreme pH, temperature and organic 







1.2 Molecularly Imprinted Polymers (MIPs)  
In order to mimic the molecular recognition in natural and synthesis artificial receptors, 
the molecularly imprinted polymers (MIPs) were developed.
 36
 The first MIP was made by M.V. 
Polyakov in 1931. He synthesized inorganic polysilicate in the presence of small template 
molecules such as benzene. It was noticed that the formed polysilicate can uptake higher amount 
of the additive template.
 37 




  A typical MIPs synthesis protocol contains template, functional monomers cross-linker, 
initiator and solvent (porogen) as shown in figure 1.4.
 39
 The process starts with dissolution of 
template, functional monomer, cross-linking agent and initiator in a porogenic solvent. The 
functional monomers self-assemble around the template molecules through noncovalent 
crosslinking.  After initiation, polymer scaffold grows around the template to form a robust shell 
which is complementary in size, shape, and functional groups of the template. The MIPs 
obtained had a porous matrix possessing binding cavities with a three-dimensional structure 
complementary to the template. After the removal of the template molecules, these binding 
cavities were left inside the polymer and could recognize the template molecules.
 40
 





 or biomacromolecules 
43
. An ideal template molecule should satisfy three 
requirements:  1) It does not inhibit the polymerization; 
40 
 2) It contains functional groups that can interact with the functional monomer; 








The functional monomers interact with the template molecules by its functional groups. 
Some typical functional monomers are shown in figure 1.5.  Among them, methacrylic acid 
(MAA) has been used as a ―universal‖ functional monomer. The explanation for this is that the 
MAA is hydrogen donor as well as acceptor, so it can form dimer during polymerization. This 
dimerization could enhance the effect of imprinting.
 44, 45
 Furthermore, higher fraction of MAA 






Figure 1.5 Typical functional monomers used in molecular imprinting  
 
 The cross-linker is used to hold the configuration of the binding sites. The crosslinked 
polymer is less able to collapse into a "random coil" state in the absence of the template. 
47, 48
 A 
higher percentage of cross-linker usually forms more selective and stronger binding sites.
 49
 
Compared to the bioreceptors, MIPs have many advantages: 
 1)  High physical stability. The MIPs can tolerate a wide range of different conditions.  
2) Straightforward preparation. The synthesis method can be easily up scaled for 
industrial production.  
3) Predictable recognition specificity. The binding sites can be tailored for various target 
molecules by using different functional monomers and cross-linkers. 
4) Low cost.   
Owing to these unique features, MIPs have found a wide range of applications in various 




, water quality control
52
, and 







1.3 Existing Problems and Challenges  





. All these methods involve addition 
of high percentages of cross-linkers and yield structure rigid particles. There are several intrinsic 
disadvantages that limit the applicability of MIPs. 
1) The retention of the template molecules inside the MIPs. Due to the highly cross 
linked structure of MIPs, the template molecules buried deep inside cannot be 
removed. They not only occupy the binding sites and but also interfere with the 
recognization process. 
2)  Slow mass transfer inside MIPs. The highly cross linked structure hindered the 
diffusion of the template molecule into the binding sites. As a result the binding 
process usually takes hours.  
3) Low solubility. MIPs are not soluble due to their mechanical rigid structure. This 
imposes tedious processes for their inclusion in devices. 
 
The challenge is to develop polymeric scaffold with selective binding sites and soluble 
polymer chains, reduce the hindrance for diffusion of the template and increase the rate of 
response.  
 
1.4 Biomimetic MIPs proposed by Seitz group 
To overcome the disadvantages of the conventional MIPs, novel biomimetic MIPs have 
been developed by Seitz group.  The covalent crosslinking in these materials was reduced to less 
 8 
 
than 5% mole percent. This level of covalent crosslinking works like the disulfide bonds in 
proteins to maintain the topology of the MIPs.  To keep the configuration of the binding sites, a 
second kind of noncovalent crosslinking was incorporated into the MIPs. This non-covalent 
crosslinking includes acid-base crosslinking, π–π interaction, and electronic interactions. It was 
observed that the combination of low percentage of covalent crosslinking and noncovalent 
crosslinking could increase the binding affinity.  
The novel material was based on the Poly(N-isopropylacrylamide) (PNIPAm) which is  a 
well known thermal responsive material.  At high temperature, the PNIPAm can fold into 
specific tertiary structure; which can be used to build the binding sites.  When the temperature 
decreases, the flexibility of the polymer increases. This accelerates the mass transfer inside the 
polymer so the template molecules can be conveniently removed.  
With the combination of covalent crosslinking and non-covalent crosslinking, the binding 
sites can be restored after the phase transition. This increased the stability of the MIPs under 
extreme condition.  








Figure 1.6 Scheme of the biomimetic molecularly imprinted polymer (The MIPs were made of a 
thermal sensitive backbone. The binding sites were maintained by low percentage of covalent 
crosslink and noncovalent crosslinking.) 
 
1.5 MIPs based on poly(NIPAm) 
Poly(N-iso-propylacrylamide) (PNIPAm) is poly-vinyl polymer well known for its 
thermal sensitivity. PNIPAm is a chemical isomer of poly-leucine, but has the polar peptide 
group in the side-chain rather than in the backbone.
 58
  
 PNIPAm exists as well solvated coils at low temperature but aggregates out of solution 
when the temperature is elevated above the critical temperature. This is similar to the 
denaturation of protein upon elevation of temperature.
 59
 The conformation of each state is 
established and maintained by the balance between hydrophobic interaction between monomers 
and hydrophilic interaction between monomers and solvents. At low temperature, PNIPAm is 
soluble because the hydrophilic interaction is dominant. At high temperature the hydrogen 
bonding is not strong enough to overcome hydrophobic interactions between the vinyl backbones 
 10 
 
and alkyl segments. Thus, the polymer forms a tight packed globule with hydrophobic 
interactions dominating the center and hydrophilic interactions on the surface of the polymer. 
With continuous elevation of the temperature, the globules will collapse and aggregate out of 
solution due to the intermolecular interactions between the hydrophobic groups on the surface of 
the resulting globules.
 60
 The temperature at which the hydrophilic-hydrophobic transition occurs 
is known as the Lower Critical Solution Temperature (LCST). The LCST temperature of 
PNIPAM is 32°C and this temperature can be driven up or down depending on the co-monomers 
used and their abundance in the polymer. 
61,62
 
The phase transition process and similarities of PNIAMs with protein make PNIPAm an 
excellent candidate for the development biomimetic material. 
 
1.6 Reversible Addition –Fragmentation Transfer (RAFT) polymerization   
Reversible addition-fragmentation transfer polymerization (RAFT) is a sequential ―living‖ 
polymerization method in the presence of a Chain Transfer Agent (CTA), which contains a 
thiocarbonylthio moiety.
 63
 General structures of CTA are showed in Figure 1.7. 
 
Figure 1.7 General structures of RAFT agents 
 11 
 
Due to the presence of a CTA, a RAFT equilibrium stage sets off between the dormant 
and growing chains. In a successful RAFT polymerization, group R and Z in the CTA should be 
chosen carefully. The R group should be a better leaving group than the propagating chain and 
must efficiently reinitiate monomer as an expelled radical. The Z group is important in the pre-
equilibrium stage to stabilize the radicals.
 64
 So the radical and CTA group can be transferred 
from chain to chain through this equilibrium allowing continued growth of the dormant chain. 
The generally accepted mechanism is shown in Figure 1.8. 
 
 
Figure 1.8 Mechanism of RAFT polymerization 
64 




Initiation of the polymerization is accomplished through thermal degradation of 
Azobisisobutyronitrile (at 70 °C). The resulting primary radicals proceed like a normal free-
radical process until the growing chain (PA1) interacts with the CTA. Ideally, all RAFT agents 
should be consumed in this step before any further propagation begins. The radical then is 
transferred to the thiocarbonylthio group on the CTA, resulting in a radical intermediate. As the 
R group is a good leaving group, this intermediate radical can fragment to a chain with CTA end-
group (Dormant chain) and a reinitiating R radical. Then this R radical can re-initiate monomer 
polymerization forming a polymer chain (PA2). Finally, rapid equilibrium between existing 
growing radicals and the dormant chain sets off. The RAFT equilibrium step reduces the 
concentration of propagating chain, slowing down the reaction time and allowing for highly 
uncrosslinked polymers of NIPAm to form. 
  RAFT polymerization is compatible with different kind of monomers, and allows control 
of polymer architecture.  The R and Z end group can be modified for a particular application.  
Therefore, RAFT provides a convenient platform for the design of biomemetic polymers.
 65, 66 
 
1.7 Application of MIP as receptor in chemical sensor 
 Chemical sensors are devices that can transfer information like, composition presence of 
a particular ion or molecule, concentration change, and partial pressure into an analytical signal.
 
67 
There are two basic functional units in an ideal sensor: receptor and transducer. The receptor 
detects the chemical or biological information. The transducer transforms the information into a 
form of detectable signal.
 68




Figure 1.9 Scheme for chemical sensor (The receptor can only bind to the triangles while 
immune to the circles. The transducer can convert the chemical signal to a analytical signal.) 
 
In figure 1.9, only the target molecules, the triangles, can fit into the receptor and trigger 
the transducer.  The selectivity of the sensor is determined by the receptor, which has high 
specificity to target analyte. Chemical sensors are normally designed to operate under well 
defined conditions for specific analysis in certain samples. Therefore, the intrinsic requirement 
for a sensor is highly selective receptor.
 69,70
  







 and magnetic sensors
74
. Among all the sensors, fluorescent sensors 
attracted wide interests due to the ease of operational process, simple setup, high sensitivity, 




 Fluorescent sensors with MIPs as receptors can be developed by incorporating 
fluorescent monomers during polymerization, labeling the fluorophores onto the MIPs after 
polymerization or immobilizing the MIPs onto fluorescent nonparties.  
 14 
 
 Fluorescent intensity can be easily affected by the changing measurement conditions, 
such as temperature, pH, and ionic intensity.
 76
  To eliminate these environmental interferences , 
ratiometric sensors are developed. These sensors give more precise measurement owing to their 
self-referencing capability by calculation of two emission intensity ratio instead of the absolute 




1.8 Thesis goal 
The ultimate goal for this dissertation is to develop ratiometric fluorescent sensors with 
the novel biomimetic MIPs as receptors. Fluorescent ratiometric sensors can be designed based 
on following two mechanisms: fluorescence resonance energy transfer (FRET) and ―on/off‖ 
sensor with internal standard.  
A FRET sensor was developed in chapter 3, a pair of donor fluorophore and acceptor 
fluorophore was labeled on the MIPs. The emission spectrum of the donor fluorophore overlaps 
with the excitation spectrum of the acceptor fluorophore.
 78,79
 So the donor can transfer energy to 
the acceptor through non-radiation dipole-dipole coupling.  The efficiency of the energy transfer 
is controlled by the distance between those two fluorophores. In the event of binding on the 
MIPs, the distance between donor and acceptor fluorophores increased. Accordingly, the 
efficiency of the energy transfer decreased. Therefore, the intensity of the donor peak increased 







Figure 1.10 Scheme of FRET ratiometric fluorescent sensor 
 
In on/ off sensor with internal standard, two individual fluorophores with different 
fluorescence emission wavelengths are built into same ratiometric sensors. 
80,81 
As the two 
different emissions have different responses to analytes, one emission peak can be used as 
specific recognition signal for the target analyte, while the other one is constant as reference 
signal.
 82,83
 In chapter 6, red quantum dots with emission at 610 nm were embedded into silica 
nanoparticles as internal standard. A fluorescein based trifunctional monomer (F-lysine ) was 
used as functional monomer in the MIPs coated on the nanoparticles surface. When the templates 
bond to the MIPs, the fluorescent signal of F-lysine was quenched while the signal of quantum 















CHAPTER 2 EXPERIMENTAL METHOD 
 
2.1 Reagents 
 Reagents are listed by their sources. Abbreviations are in parentheses in bold. The 
following list of materials and chemicals were used in these experiments: 
Sigma Aldrich 
 Methacrylic acid 99% purity (MAA). Passed through a column of basic alumina and 
inhibitor remover column to remove inhibitor. 
 4-Vinylpyridine 95% purity (4VP). Passed through a column of basic alumina and 
inhibitor remover column to remove inhibitor. 
 N,N’-Methylenebisacrylamide 99% purity (MBAm). Recrystallized from methanol (3 
times) to remove inhibitor. 
 Benzyl Methacrylate 96% purity (BMA). Vacuum distilled then passed through a column 
of basic alumina and inhibitor remover column to remove inhibitor. 
 2-Acrylamido-2-Methyl-1-Propanesulfonic Acid Sodium Salt Solution 50% (w/w) in 
H2O (AMPS). Passed through a column of basic alumina to remove inhibitor.  
 [3-(Methacryloylamino) propyl] Trimethylammonium Chloride Solution 50% (w/w) in 
H2O (MPTA). Passed through a column of basic alumina to remove inhibitor.  
 2-(Dodecylthiocarbonothioylthio)2-methylpropanoic acid N-hydroxylsuccinimide ester 
98% purity (DMNSE). Used as received. 
 Fluorescein O-acrylate, 97% purity (F). Used as received. 
 (3-Aminopropyl)triethoxysilane, 99% purity (APTES). Used as received.  
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 2,2’ Azobisisobutyronitrile 98% (AIBN). Recrystallized from methanol (3 times) to 
remove inhibitor. 
 Inhibitor remover beads. Used as received.  
 2-Nitrophenol 99% purity (2NP).  
 3-Nitrophenol 99% purity (3NP). 
  4-Nitrophenol 99% purity (4NP). Recrystallized from methanol (3 times) to remove 
inhibitor. 
 7-hydroxycoumarin 99% purity (7CM). Recrystallized from methanol (3 times) to 
remove inhibitor. 
 4-Hydroxycoumarin, 98% purity (4CM). Used as received.  
 7-methoxylcoumarin, 99% purity (7MC). Used as received. 
 4-Chloro-7-Nitrobenzofurazan 98% purity (NBD-Cl). Used as received 
 8-Hydroxyquinoline, ACS reagent, ≥99%. Used as received 
 Sodium Hydroxide, ACS reagent, ≥97% pellets (NaOH). Used as received. 
 1,4-Dioxane, 99.8% anhydrous. Used as received  
 Acryloyl chloride, 97% purity. Used as received 
 Dimethyl Sulfoxide, ACS Grade (DMSO). Used as received. 
 Methanol, ACS Grade. 
 Ethanol, ACS Grade. 
 Acetone, ACS Grade. 
 Chloroform, ACS Grade. 
 Hexane, ACS Grade. 
 Dichloromethane, ACS Grade. 
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 Acetonitrile, ACS Grade. 
 Ethyl Acetate, ACS Grade. 
Spectrum Labs 
 Flat Dialysis Sheet Spectra/Por 3, MWCO 3.5 kD 
 Dialysis Tubing Spectra/Por 2, MCWO 12-14 kD 
 Dialysis Clips 78 millimeters, weighted and unweighted. 
EMD Millipore  
 Acetic Acid 
 Hydrochloric Acid 
Tokyo Chemical Industry 
 N-isopropylacrylamide 99% purity (NIPAm). Recrystallized from hexane (3 times) to 
remove inhibitor. 
Alfa Aesar 
 Basic Alumina Activated. Used as received. 
Invitrogen 
 Alexa Fluor 647 carboxylic acid (A647), succinimidyl ester. Used as received. 
Polysciences 
 N-(3-aminopropyl) methacrylamide hydrochloride, 98+% purity (APMA). Used as 
received. 
 N-n-propylacrylamide, 97% purity((NnPAM). Passed through a column of basic alumina 
and inhibitor remover column to remove inhibitor. 
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 PolyFluor 570: Methacryloxyethyl thiocarbamoyl rhodamine B (R). Used as received. 
Wako Chemicals 
 Methanol, ACS Grade. 
 Ethanol, ACS Grade. 
 Acetone, ACS Grade. 
 Chloroform, ACS Grade. 
 Hexane, ACS Grade. 
 Dichloromethane, ACS Grade. 
 Acetonitrile, ACS Grade. 
 Ethyl Acetate, ACS Grade. 
 Acetic Acid, ACS Grade 
 Hydrochloric Acid, ACS Grade 
 Nitric Acid, ACS Grade 
 
2.2 Apparatus 
 The fluorescent emission and excitation spectra (FS) were measured on a Cary Eclipse 
Fluorescence Spectrophotometer with a Peltier thermostatted single cell holder. 
Ultra-violet/Visible absorption spectra (UV-Vis) were measured on a Varian Cary 60 
UV-Vis spectrophotometer. The concentration of the analyte is directly proportional to the 
absorption and can be quantified using Beer’s law: A=εbc, where A= absorbance, ε= molar 
absorptivity, b= cell path length, and c= concentration of template molecule. 
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Nuclear Magnetic Resonance Spectra (NMR) were measured on a Varian 400 MHz 
Mercury Liquid State NMR to determine the structure of the analyte.   
Scanning Electron Microscopy (SEM) was performed on a Tescan Lyra3 GMU FIB 
SEM. By scanning a beam of electron across the surface of the sample and detecting the 
reflected electrons, the morphology, size and surface information of the sample can be 
determined.  
Transmission Electron Microscopy (TEM) was performed on Zeiss/LEO 922 Omega 
TEM. A beam of electrons is transmitted through an ultra-thin specimen, interacting with the 
specimen as it passes through it. The size and morphology of the sample can be measured.  
Dynamic Light Scattering (DLS) were performed on Malvern Zetasizer Nano ZS90. The 
LCST of the polymer were determined by measuring the size of the polymer particle with 
temperature.  
Fourier-transform infrared spectra (FTIR) were measured on a Thermo Nicolet iS10 
FTIR. The transmission spectra were collected for MIP coated nanoparticles to confirm the 
immobilization of MIPs on the nanoparticle surface. 
A Branson model 1210 sonicator was used for reagent dissolution and sonication. A 
Buchi RE111 Rotavapor was used to evaporate solvents. Separation of precipitated polymer 
from the solution and nanoparticle from supernatant was performed with an Eppendorf 
Centrifuge 5415 D (13,200 rpm) Microcentrifuge 26 Tube Holder. A Labconco FreeZone 1 Liter 
Bench Top Freeze Dry System to remove water from samples.  Dialysis tubing, Sigma Aldrich 
MWCO of 12,000 to 14,000, was used to purify MIPs. Sigma Dialysis Sheets with MWCO of 
3,500 was used in the equilibrium dialysis cell by Bel-Art, 1.4 mL volume. 
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2.3 Monomer purification 
 To increase the yield and efficiency of the polymerization, all monomers have to be 
purified before use.  
The solid monomers were recrystallized in one of the solvent listed in the 2.1. A saturated 
solution of monomer in a solvent was prepared at high temperature. Then, the solution was 
cooled. During the cooling process, the monomer will recrystallized out of solution due to the 
reduced solubility. This solvent mixture was vacuum filtered to separate the crystal from the 
solvent. 
84,85
 The impurity was removed with the solvent. The recrystallization was repeated 
three times to completely remove the impurity.  
All liquid monomers (except AMPS and MPTA) were purified by passing through a 
column packed with inhibitor remover and basic alumina to fully remove the inhibitor. 
86
  
The AMPS and MPTA, which are used as cation and anion for electron static interaction, 
were mixed together first with 1:1 mole ratio. After stirring at room temperature for one day, the 
mixture was extracted with chloroform. The anion-cation complex formed during stirring had 
higher solubility in chloroform. So it can partition into the organic layer. After rotovaping the 
chloroform, the anion and cation complex can be used for polymerization. 
 
2.4 Freeze-pump-thaw degassing 
Before polymerization, the monomer mixture was degassed to remove oxygen.  





 The reaction yields peroxy radicals which are less reactive as initiator. In other words, 
the oxygen can scavenge effective propagating radicals and reduce the yield of polymerization. 
88
 
To remove the oxygen, the monomer mixture was degassed by going through 4 cycles of 
the Freeze-Pump-Thaw process as shown in figure 2.1.  The mixture was placed in a Schlenk 
flask and sealed well. After freezing the mixture in acetone dry ice bath, the flask was hooked up 
to a Schlenk line to pump off the atmosphere for 10 min. Afterwards the flask was sealed again 
and placed at room temperature to thaw the mixture. Bubbles were released from the solution. 
After 4 cycles of Freeze-Pump-Thaw process, the flask then was filled with nitrogen gas and 
ready for polymerization. 
This method takes advantages of pressure dependence of gas solubility in liquid. The 
pressure of the gas inside the Schlenk flask is reduced during the pumping process. During the 
thawing process, a new liquid- gas phase equilibrium were established.  As a result the dissolved 









Figure 2.1 Detail photos of the free-pump-thaw steps 
89 
: (a) place solvent in flask; (b) 
freeze the solvent in dry ice; (c) introduce vacuum; (d) seal the flask under vacuum; (e), (f) thaw 
the solvent and observe evolution of gas bubbles; (g) repeat freeze thaw process (Four cycles 
recommended); (h) seal the solvent under nitrogen. 
 
2.5 Template removal process 
After polymerization, the template molecules need to be removed from the MIPs scaffold.  
The removing processes were adjusted based on MIP the properties.  
For free floating MIPs, the polymer was precipitated out of the solution by adding hexane.  
The solubility of the monomer in hexane is higher than polymer. So the unreacted monomer and 
most of template molecules were left in the hexane. The polymer was separated by centrifugation.  
It was observed that after 4 rounds of precipitation over 90% template molecules can be removed.  
Then, the MIPs were dissolved in a good solvent for the template molecules and dialyzed against 
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acid and base alternately. For 7-hydroxyl imprinted polymers, the very last 1 percent of the 
template need to be removed by refluxing in methanol and sodium hydroxide solution for over 2 
days.  
For MIPs grown from the silica nanoparticles, the template molecules were removed by 
washing the nanoparticles with THF 3 times, methanol and acetic acid (90:10, v/v ). For MIPs 
coated magnetic nanoparticles, the template was removed by soxhlet extraction. The magnetic 
nanoparticles were attached onto a magnetic bar and placed inside the soxhlet extractor as shown 
in figure 2.2. The function of the stir bar is to hold the nanoparticles inside the extractor. The 
sample was extracted for 1 week. 
 
Figure 2.2 Soxhlet extraction 
90
 (This is for the template removal of MIP coated magnetic 
nanoparticles. The magnetic nanoparticles were first attracted onto a magnet sir bar. Then this 
stir bar was place inside the extractor. ) 
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2.6 Coating MIPs onto nanoparticle  
For the design of different fluorescent sensors, The MIPs were coated onto nanoparticles 
surfaces by different method. Typically, the methods can be classified as ―grown from‖ and 
―graft onto‖ by how the polymer was prepared. 91 
 
2.6.1 “Grown from” method“ 
The ―grown from‖ method was applied for coating MIPs onto arosil 200 silica 
nanoparticles, silica coated magnetic nanoparticles, dye doped silica nanoparticles and quantum 
dots embedded silica nanoparticles. A RAFT agent was first grafted onto the silica surface to 
form nanoparticles supported macro-RAFT agent. Two RAFT agent were used for this purpose: 
DMNSE and MPTT, structures shown in figure 2.3. 
 
  
   
 




The RAFT agent MPTT contains a trimethoxysilyl end group, which can react with the 
silanol groups on the silica surface.  Due to the water sensitivity of the trimethoxysilyl group, the 
whole process was conducted under anhydrous environment. 
The RAFT agent DMNSE contains a N-hydroxysuccinimide esters (NHS ester) group. It 
was attached to the silica surface by NHS ester conjugation with pre-aminated silica surface as 
shown figure2.4. 
 
Figure 2.4 Scheme of NHS ester reaction
92
 (This is the reaction between DMNSE and aminated 
silica surface.) 
  
2.6.2 “Graft onto” method 
The ―Graft onto‖ method was utilized by attaching the MIPs on to gold nanoparticles. In 
this method, the free floating polymer was prepared by RAFT polymerization in dioxane with 
DMNSE as the RAFT agent. After polymerization and removal of the template, the polymer 
contained a dithioester group. Dithioester end groups were reduced by sodium borohydride to a 
thiol end group. In aqueous media at ambient temperature, the thiol reacted with gold 




Figure 2.5 RAFT MIPs were reduced to a thiol and attached to gold nanoparticle surface.
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(Copyright © 2005 American Chemical Society) 
2. 7 Fluorescence experiments  
The fluorescent emission and excitation spectra of the sensors were measured by a Cary 
Eclipse Fluorescence Spectrophotometer with a Peltier thermostatted single cell holder. It was 
equipped with intense  Xenon flashlamp for highsenaitivity and a Red-sensitive Photomultipler 
tube detectors that can detect wave length from 200-900nm for both excitation and emission 
spectra. The detector is located at a 90-degree angle from the light source. This geometry is used 
instead of placing the detector at the 180-degree angle to avoid the interference of the transmitted 
excitation light and increase sensitivity.
94, 95 
The 90-degree geometry is shown in figure 2.6. 
 






For the FS experiments, sensor samples were first dissolved in different solvents to form 
stock solution with known concentration. Then 1ml or 3ml of the sensor stock solution was 
transferred to a quartz cuvette. After measuring the initial spectra, template solutions of different 
concentrations were added to investigate the binding effect. The temperature of the samples was 
held at the LCST of the MIPs.   
Fluorescent emission spectra were collected by fixing the excitation wavelength, and 
scanning fluorescent emission intensity at different wavelength. The excitation spectra were 
collected by fixing the emission wavelength and scanning the excitation wave length.  
 
2.8 Dynamic light scattering  
            The size for the polymer particles are measured by Malvern Zetasizer Nano ZS 90 
instrument based on dynamic light scattering. In a solution, particles are constantly moving due to the 
random collision with the molecules of the liquid surrounding the particles.
 
This movement is known 
as Brownian motion.
 96
 The larger the particle, the slower the Brownian motion will be.  The smaller 
particles were kicked further by the solvent molecules and move rapidly.
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            When a Laser beam went through the solution with particles, most of the beam passed 
through the sample, but some were scattered by the particles within the sample at all angels. The 
scattered light at either 173 degree or 90 degree was detected for the size calculation as shown in 
figure 2.7. The attenuator controlled the intensity of the laser sourced to maintain intensity of  the 




Figure 2.7 Optical configurations of the Zetasizer Nano series 
98
 (1. laser source; 2. sample cell; 
3. detector ; 4. attenuator ; 5. digital signal processor;  6. computer) 
 
           The Brownian motion caused randomness to the phase of the scattered light.  When the 
scattered light from two or more particles was added together, there will be a changing destructive or 
constructive interference.  This leads to time-dependent fluctuation in the intensity of scattered light. 
The Zetasizer Nano instrument measures the rate of the intensity fluctuation and then used this data 
in an algorithm to calculate the hydrodynamic radius of the particles.
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The smaller particles caused the intensity to fluctuate more rapidly than the larger ones.  
            For the size measurement, the samples were dissolved in water first. Then this solution 
was filtered twice with a filter to remove the dust and filled into a cuvette. Then the temperature 
and other parameters of the measurement were set up. The viscosity of the sample was estimated 
based on the viscosity of water. The diffusion coefficient was estimated by using the ―protein‖ 




2.9 Binding tests  
Binding tests were conducted in equilibrium dialysis blocks. Two sides of the blocks with 
identical volume were separated by the dialysis membrane with a specific molecular weight cut 
off (MWCO) pore size. The polymer was contained on one side. The template can pass through 
the membrane and equilibrate with the other side. 
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Typically, polymer was placed in one side of the polymer and template was placed in the 
other side of the polymer. There were two equilibria established within the block. The first one is 
the distribution equilibrium of the template molecules between two sides of the blocks across the 
membrane. The second one is the binding equilibrium between the template and the MIPs. If the 




However in the situation of binding between 7-hydroxycoumarin and the MIPs, it took 
too long for the template to cross the membrane and then bind with the MIPs even at the LCST. 
This is a serious problem when there are limited numbers of the blocks.  To improve the 
efficiency, the MIPs were dissolved directly inside the template standard solution. Then this 
template and MIPs mixture was dialyzed against the blank solution as shown in figure 2.8. 
The distribution ratio (Kd) would be larger than 1 in the event of binding. The Kd  was 
calculated by:  
𝐾𝑑 =
𝑇𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙  −  𝑇𝐹𝑟𝑒𝑒
𝑇𝐹𝑟𝑒𝑒
 
The 𝑇𝐹𝑟𝑒𝑒  is the concentration of the template diffused to blank side after equilibrium dialysis. 




Figure 2.8 Equilibrium dialysis block (before equilibration(left), at equilibration(right)) 
 
2.10 Spin-down experiments 
To determine the binding affinity of MIPs, the polymer coated nanoparticles were titrated 
with the template.  
First the composite nanoparticles were equally distributed into 1.5 ml micro centrifuge 
tubes. Then 6 standard template solutions with different concentration were added into different 
tubes. After mixing well and equilibrating for 15 min at LCST, the MIPs on the nanoparticles 
interacted with the template. After centrifugation, the bound template molecules moved with the 
nanoparticles to the bottom of the tube as pellets, while the unbound template molecules stay in 




Figure 2.9 Scheme of spin-down experiments  
 
After separation, the FS emission spectra of the supernatant were collected. The intensity 
of the emission was proportional to the concentration of the template. So moles of unbound 
templates molecules can be calculated.  The concentration difference between the supernatant 











DEVELOPMENT OF SILICA NANOPARTICLE SUPPORTED RATIOMETRIC 
FLUORESCENT SENSOR 
 
3.1 Introduction  
In this project, a ratiometric fluorescent sensor that can sensitively detect 4-nitrophenol 
(4NP), a poison in ground water and food, is prepared by growing molecularly imprinted thermo 
responsive poly(N-n-propylacrylamide) (PNnPAM) brushes from the Aerosil 200 silica 
nanoparticle surface.  The polymer brushes are grown via Reversible Addition-Fragmentation 
chain Transfer (RAFT) polymerization. This living polymerization process make it possible to 
copolymerize a Fluorescence Resonance Energy Transfer (FRET) donor, Polyfluor 570 
Rhodamine B (Rhodamine), in one block of the polymer, and an acceptor, Alexa fluor 647 
(A647), in another block, thereby generating poly(NnPAM-co-Rhodamine)-b-(NIPAM-co-
A647).  
Upon exposure to analytes, the binding sites developed by the molecular imprinting 
technique will specifically bind to the analyte molecules. It was hoped that binding would 
changes the distance between these two fluorophores as shown in figure 3.1, thereby affecting 
the FRET efficiency.  Therefore, the chemical binding process is converted to detectable 
spectroscopic signal. The ratio of the emission intensities of these two fluorophores is measured  




Figure 3.1 Sensing mechanisms for the ratiometric fluorescent sensor (The biding process 
between the template and the MIPs was expected to increase the distance between those two 
fluorophores. Due to the decreased FRET efficiency, the intensity of the acceptor fluorophore 
would increase; the intensity for the acceptor would decrease.) 
It was expected that the addition of the template 4NP into the sensor might change the 
intensity ratio between the acceptor fluorophore and donor fluorophore (A/D ratio). The sensor 
will only respond to the template 4NP and should be immune to the structural isomers 3NP. The 
structures of the 4NP and 3NP are shown in figure 3.2.  
 
Figure 3.2 Structure of the template (4-Nitrophenol (4NP) and 3-Nitrophenol (3NP)) 
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The binding sites on the indicator are built by imprinting template into the polymer 
chains at high temperature in aprotic organic solvent, followed by removing the template at low 
temperature in aqueous solution.  Unlike the traditional molecular imprinting technology based 
on high percentage of covalent crosslinking, the binding site conformation in this project is 
maintained by non-covalent crosslinking such as acid-base interactions, π-π interactions and 
electrostatic effects to achieve faster binding/unbinding kinetics.    
It is believed that the combination of 2 different kinds of different non-covalent 
crosslinking can increase the binding affinity. Sensors based on different non-covalent 
crosslinking are investigated in this project:  
1) Sensor MQQ1324 and MQQ1325 based on the combination of acid-base crosslinking 
with , π-π interactions 
2) Sensor MQQ1326 based the combination of  π-π interactions with electrostatic effects 
3) Sensor MQQ1327 based the combination of acid-base crosslinking with electrostatic 
effects 
 
3.2 Preparation of sensor MQQ1324 based on acid-base interaction and π-π interaction 
The sensor was developed by growing polymer form the silica surface using RAFT 
polymerization method.  First, the RAFT agent was grafted onto silica nanoparticle surface. Then 
this silica supported RAFT agent was used to grow MIPs. Two fluorophores Alexa Fluor 647 





3.2.1 Amination of silica nanoparticles  
1.0036g Aerosil 200 silica and 528ul (2.26mmol) (3-Aminopropyl) triethoxysilane 
(APTES) were added to a 100 ml round bottom flask with 50 ml anhydrous toluene. The solution 
was stirred and reacted at room temperature for 8 hours. Then the particles were centrifuged and 
washed 3 times with ethanol and another 3 times with deionized. 
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The mechanism of this 
reaction is shown in figure 3.3. 
 
Figure 3.3 Mechanism of amination on silica nanoparticle surface 
 
At the beginning of the reaction, the electron-rich nitrogen center of the amine group on 
APTES could interrupt the hydrogen bonds between silanol groups on the silica surface, thus 
resulting in fast physisorption of APTES onto silica nanoparticles.   Then the amine group 
catalyzed the condensation between the silicon side of the APTES with silanol groups on the 
silica particle surface. As a result the amine group was attached on the surface of the silica 
nanoparticles and served as an active site to bind other molecules.  
3.2.2 Attaching RAFT agent (DMNSE) onto silica nanoparticle surface  
The aminated silica nanoparticles were suspended in 50 mL 0.1 M bicarbonate buffer in a 







Then the dissolved raft agent was added into the silica suspension. The mixture was stirred at 
room temperature for 8 hours. The yellowish product was then collected by centrifuge and 
washed with ethyl alcohol three times and 1,4-dioxane three times. 
 The surface area of aerosol 200 nanoparticle was 200m
2
 /g. On each square nanometer, 
there are 2.5 OH groups on the silica. So the total number of OH groups on the surface of 1.0 g 
silica was 8.3×10
-4
 moles. In the amination process APTES was 10 fold in excess. So 
theoretically after the amination, the coverage of amine group should be 100%. This meant about 
0.2 mmoles amine groups were attached to the surface of the silica. As the ratio between the 
amine groups and DMNSE is 1:1, the theoretical amount of RAFT agent on the surface is about 
0.2 mmoles. 
 
3.2.3 Growing polymer from silica nanoparticle  
The formulation of the polymer was shown in table 3.1. Tthe mole ratio of monomer, 
RAFT agent and initiator was 100 : 1 : 0.1. The feed mole percent of monomers were 75 mol% 
NnPAm, 10 mol% 4VP, 5 mole% MAA and 10 mole% BMA.  The recognition monomer to 
template (R to T) ratio is 5: 1.  
Sensor NnPAM 4VP MAA BMA RAFT 
agent 
Initiator R to T ratio 
MQQ1324 75% 10% 5% 10% 1% 0.1% 3:1 
 




One fourth of the product from previous reaction (0.05 mmoles CTA) was added into a 
round bottom flask with 50ml 1,4-dioxane. 0.125mmoles 4-nitrophenol, 3.75 mmoles NnPAM, 
0.25 mmoles MAA, 0.5 m moles BMA and 0.5 m moles 4-VP were also dissolved in this flask. 
0.05 mmoles AIBN were dissolved in 1.00 ml 1,4-dioxane in a vial. Then 100ul of this solution 
was added into the round bottom flask.  
The round bottom flask was sealed with a rubber septum. Then the mixture was degassed 
with nitrogen for fifty minutes followed by heating to 70C for ten hours with moderate stirring. 
Then 0.025 mmoles AEMA were dissolved in 1 ml alcohol, degassed for ten minutes, and added 
into the round bottom flask by syringe. Four hours after the addition of AEMA, the nanoparticles 
were separated by centrifugation and washed with ethyl alcohol three times and diethyl ether 
three times. Then the product was air dried over night.  
The mechanism of RAFT polymerization is shown in figure 3.4. The 2-methylpropionic 
group in the RAFT agent DMNSE was the R group, the dodecyl group is the Z group.  
The initiation step started with the decoposition of initiator Azobisisobutyronitrile (AIBN) 
into two free radicals. Then these free radicals proceeded to form the primary radical (PA1). In 
the pre-equilibrium step, the primary radical (PA1) attacked the RAFT agent (RA-silica) on the 
silica surface, resulting a intermediate radical. When the leaving group R (2-methylpropionic 
group) was eliminated, a domain chain with thiocarbonylthio moiety and a radical on the silica 
surface were formed (PA2). In the RAFT main equilibrium step, the propagation of PA2 is going 
on, all the monomers (including MAA, BMA, 4-NP and Nnpam) and Rhodamine in the solution 
are polymerized randomly. After 10 hours of polymerization, PA3 was formed which contained 
the donor fluorophore and functional monomers. Then AEMA was added and polymerized at the 
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end of the polymer chain, which is away from the silica surface. 
The sensor MQQ1325 was made with the same formulation, except that the template was 
3NP instead of 4NP. 
 
 








3.2.4 Labeling Alexa 647 to the polymer chain 
0.0013g of the product from previous part was suspended in 1 ml deionized water and 
100 ul of this solution was transferred into 1 ml 0.1 M bicarbonate buffer in a small vial. Then 
100 μl A647 (1 mg/mL DMF) were added into the vial. Afterwards, this vial was placed on the 









Figure 3.5 Schematic illustration of the fluorescent ratiometic sensor MQQ1324  
 
 
The hydrogen bonds between the MAA and 4VP hold the configuration of binding sites 
on the polymer chain. So the memory of the template was imprinted inside the polymer layer. 
There were two blocks in these polymer chains. The first block is formed in the first 10 hours of 
polymerization, in which the donor fluorophore Rhodamine B was incorporated. The second 
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block was formed in the last 4 hours of polymerization after the addition of AEMA. The acceptor 
fluorophore Alexa 647   was attached to the amine groups in AEMA. The distance between the 
donor and acceptor can be controlled by the lengths of each block. 
3.2.5 Template removal 
The product from the previous reaction was transferred into a dialysis tube with a 
MWCO of 12,000-14,000 and dialyzed against 1000ml D.I. water. 1 ml of acetic acid was added 
into the first dialysis to remove the template molecules. The final product was collected by 
centrifugation and washed with DI water for three times.  
 
3.3 Results and discussion 
3.3.1 Thermal tests 
PolyNnPAm is a well known thermal responsive material. The theoretical LCST for Poly 
NnPAm is 22C, where the phase transition of the polymer chain happens. At the beginning of 
the phase transition the polymer chains will form globules from random coils.  Then these 
globules will aggregate at the end of the phase transition. The phase transition process of the 
sensor MQQ1324 was investigated by dynamic light scattering. The diameter of the polymer  at 




Figure 3.6 Size of MQQ1324 at different temperatures measured by DLS 
 
The size of the sensor decreased from 6 C to 20 C, this is due to the   transition from 
random chains to globule. Then the size increased after 20C, this indicated the aggregation of 
nanoparticles.  During the phase transition, the distance between the donor fluorophore and 
accepter fluorophore was decreasing. So the FRET energy transfer from donor to accepter should 
be more efficient. As a result, the peak of the donor should decrease and the peak of the accepter 
should increase. The fluorescence intensities of both fluorophores were measured at the three 




Figure 3.7 Thermal tests for the sensor MQQ1324 (The intensity of the donor peak decreased 
the intensity of the acceptor increased. This indicated the distance between the fluorophores are 
decreased, the polymer were shrinking.  
 
3.3.2 Sensing experiments  
In order to investigate the binding between nitrophenol and the sensor, fluorescence 
intensity of donor and acceptor fluorophores have been measured by the Varian Cary Eclipse 
fluorometer. The selectivity and binding affinity were measured by titrating the sensor with 
different concentrations of template molecules and its isomers.  
The sensor MQQ1324 was imprinted by 4-Nitrophenol. It is expected that the template 

































the donor fluorophore and the accepter fluorophore. The emission intensities of the donor and 
accepter fluorophore would be changed. Therefore, the Acceptor to Donor ratio (A/D ratio) will 
be decreased. The emission spectra of the sensor at different template concentration were shown 
figure 3.8. These spectra were scanned from 545 nm to 800 nm, which covered both the emission 
of Rhodamine, at 570 nm, and Alexa 647, at 670 nm. 
 
Figure 3.8  Fluorescence spectra for addition of 4NP into MQQ1324 ( at 20C, λex=545nm) 
 
Upon addition of the template, intensity of both the donor and acceptor peak decreased 
significantly upon the addition of template 4NP. This is because the 4NP interact with the 
binding sites in the polymer and quench the fluorescent intensity of both donor and acceptor 
fluorophores. These results also indicated that the sensor MQQ1324 could bind to its template 


































3.3.3 Selectivity tests 
Since the sensor MQQ 1324 was imprinted by 4NP, it is expected that this sensor would 
selectively bind to its template while ignoring isomer 3-nitrophenol (3NP). The data for addition 
of 3NP into MQQ 1324 are shown in figure 3.9. 
 
Figure 3.9  Fluorescence spectra for addition of 3NP into MQQ1324 ( at 20C, λex=545nm) 
 
The addition of 3NP didn’t cause significant change of fluorescent intensity of both 
acceptor and donor. This indicated that the biding sites built inside the polymer layer can 
distinguish the 3NP with 4NP. 
3.3.4 Confirmation of selectivity 
To confirm this selectivity results, another sensor MQQ1325 was made by the same 




































addition of 3NP are shown in figure 3.10; with addition of 4NP in figure 3.11.  
 
Figure 3.10  Fluorescence spectra for addition of 3NP into MQQ1325 ( at 20C, λex=545nm) 
 
































































Based on the data in figure 3.10, when 3NP was added into the sensor MQQ1325 the 
fluorescence intensity of both donor and accepter were quenched. The data in figure 3.11 
indicated the sensor was not responsive to 4NP. These results confirmed that this sensor can 
selectively respond to its template while ignoring isomer.  
 
3.4 Sensor MQQ1326 based on acid-base interaction and electronic effects  
3.4.1 Preparation of MQQ1326 
The sensor was prepared with the same method discussed in 3.2. The only difference was 
the formulation of the polymer layer. A pair of anion and cation monomer was incorporated into 
the polymer to form another kind of non-covalent crosslinking ---electrostatic interaction. The 
formulation of the polymer layer was shown in table 3.2.  
Sensor NnPAM 4VP MAA Anion Cation RAFT 
agent 
Initiator R to T ratio 
MQQ1326 75% 10% 5% 5% 5% 1% 1% 3:1 
 
Table 3.2 Formulation for polymer layer of sensor MQQ1326 
 
3.4.2 Thermal tests 
When the temperature increased from 20℃ to 45℃, the emission intensity for the donor 
peak increased and the intensity for the acceptor decreased as shown in figure 3.12. This 





Figure 3.12 Thermal tests for the sensor MQQ1326  
This phenomenon can be due to the charge attraction between cation and anion 
monomers. When the temperature is lower than the LCST, the polymer chain is hold tight by 
electrostatic attraction. The distance between the donor and acceptor is small at this point. When 
the temperature was increased, the kinetic energy inside the polymer increases, and overcomes 
the attraction between the anion and cation, so the polymer chains started to detangle. The 
distance between these two fluorophores begins to increase.  The energy transfer efficiency 
between those two fluorophores decreases.  Therefore, with the increasing of temperature the 





3.4.3 Sensing experiments 
In the sensing experiments, template 4NP was added into the sensor solution. The 
addition of the template didn’t cause instant change. So fluorescent emission spectra were 
collected at different time for 240 min. In figure 3.13 below the intensity of both donor and 
acceptor peak were changing over time even without addition of the template. The fluorescent 
spectra for the pure sensor at different time were shown. The spectra for sensor with addition of 
template were shown in figure 3.14.  
 
Figure 3.13 Fluorescence spectra for pure sensor MQQ1326 (at 20C, λex=500nm)  
(Fluorescent emission spectra of the pure sensor were collected at different time,150 min and 




Figure 3.14 Fluorescence spectra for addition of 4NP into MQQ1326 (at 20C, λex=500nm) 
(Fluorescent emission spectra of the pure sensor were collected with the addition of 1×10
-5
 moles 
of the template 4NP at different time. ) 
 
The changing of fluorescent intensity with time indicated that the polymer chains were 
detangling even at 20C. The difference A to D ratio for pure sensor after 240 min is -0.16. The 
difference for sensor with addition of 4NP is -0.11. The addition of the template seems to delay 
the untangling of the polymer chains.  
For selectivity information, same amount of 3NP was added into the sensor. The 
fluorescent spectra were shown in figure 3.15. The difference of A to D ratio was -0.11. The 




Figure 3.15 Fluorescence spectra for addition of 3NP into MQQ1326 (at 20C, λex=500nm) 
(Fluorescent emission spectra of the pure sensor were collected with the addition of 1×10
-5
 moles 
of the isomer 3NP at different time. ) 
 
3.5 Sensor MQQ1327 based on π-π interaction and electronic effects  
3.5.1 Preparation of MQQ1327 
The sensor was prepared with the same method discussed in 3.2. The non-covalent 
interactions used in this sensor were π-π interaction and electrostatic effects. The formulation of 





Sensor NnPAM BMA Anion Cation RAFT 
agent 
Initiator R to T ratio 
MQQ1327 85% 5% 5% 5% 1% 1% 3:1 
 
Table 3.3 Formulation for polymer layer of sensor MQQ1327 
 
3.5.2 Thermal tests 
When the temperature increased from 20℃ to 45℃, the emission intensity for the donor 
peak increased and the intensity for the acceptor decreased. This was same with the trend of 
sensor MQQ1326.  
 




3.5.3 Sensing experiments 
In the sensing experiments, same amounts of template 4NP and 3Np were added into the 
same amount of sensor. The emission spectra for the pure sensor are shown in figure 3.17. The 
emission spectra for the addition of 4NP are shown in figure 3.18. The emission spectra for the 
addition of 3NP are shown in figure 3.19.  
 





Figure 3.18 Fluorescence spectra for sensor MQQ1327 with addation of 1×10
-5
 Molar 4NP at  
time 0 min and 240 min. (at 20C, λex=500nm) 
 
Figure 3.19 Fluorescence spectra for sensor MQQ1327 with addiation of 1×10
-5
 Molar 3NP at 
different time 0 min,150min, and 240 min. (at 20C, λex=500nm) 
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The difference of A to D ratio for pure sensor MQQ1327 after 240 min was -0.15. The 
difference after addition of 4NP was -0.08. The difference after addition of 3NP was -0.13. The 
sensor MQQ1327 responded to both 3NP and 4NP with delayed detangling process. The delayed 
effect for the template 4NP was stronger than its isomer 3NP.  
 
3.6 Conclusion 
The Sensor MQQ 1324 and MQQ1325 prepared by combining the acid base covalent 
crosslinking with π-π interactions can selectively detect the template with high affinity and 
selectivity. The binding of the template to the MIPs on the sensor quenched the fluorescence of 
both fluorophores. However the intensity ratio of the acceptor and the donor fluorophore was not 
changed with the binding as expected. 
The Sensor MQQ 1326 and MQQ1327 respond to the nitrophenols by delaying its 
untangling process. However, these sensors cannot distinguish between 3NP and 4NP. The 
fluorescence signals of the pure sensor were changing with time.  This may due to the polymer 
chains were tangled up on the nanoparticle surface during the polymerization. The tangled 
polymer chains started to untangle with time. The untangling process caused the increased 
fluorescence intensity for donor fluorophore and decreased fluorescent intensity for acceptor 
fluorophore. 
Due to the complexity of the sensor, the completely understanding of the sensing 
mechanism between MIPs and the template were difficult. To investigate the binding process 
between the MIPs and the template, MIPs without any fluorophore and substrates were 




DEVELOPMENT OF BIO MIMETIC RECEPTOR (I) 
---Investigations of polymerization 
 
4.1 Introduction  
The results from chapter 3 indicated that MIPs grown from the silica surface can 
recognize the template molecules among structure analogues with high selectivity. However 
there are many problems cannot be completely explained, such as the shifting fluorescent signal 
with time and the decreasing A to D ratio with increased temperature.  
To simplify the problem, demonstrate the concept of molecular imprinting, novel bio 
mimetic molecularly imprinted polymers were developed in this chapter.  
Unlike the traditional MIPs with high percentage of covalent crosslinking, the MIPs 
developed in this chapter contained only up to 5% mole of covalent crosslinking, which acted 
like the disulfide bonds in bio receptors. These covalent crosslinking connected two portions of 
the polymer and ensured the polymer to return back to same topology after phase transition.
103,104
 
The solubility of the MIPs increased with the decreased percentage of covalent crosslinking.  
 To maintain the configuration of the binding sites, 5% to 10% of acid-base crosslinking 
was added. The hydrogen bonds between the acid and base monomers provided most of the 
directional interactions that underpin the folding of the polymer. The accepted(and most 
frequently observed) geometry for a hydrogen bond is a distance of less than 2.5 Å (1.9 Å) 







The polymer backbone was PNIPAm. At the LCST, the phase transition of PNIPAm 
from random coil to globule occurs. With the direction of the covalent crosslinking and the 
hydrogen bonds, the MIPs can be folded to specific tertiary structures like that in proteins as 











The results from chapter 3 indicated that MIP with only non-covalent crosslinking can 
distinguish the template from isomers with high selectivity. The study by Casey Grenier shows 
that a polymer with low mole percent of covalent crosslinking can bind the template with high 
affinity. Therefore, it is expected that an MIP sensor with a combination of covalent crosslinking 
and non-covalent crosslinking would show both high selectivity and binding affinity.  
A fluorescent template, 7-hydroxycoumarin (7CM) was exploited in this chapter. 7CM is 
the metabolite of coumarin, which is used in the treatment of cancer, brucellosis, rheumatic 
disease and burns. 
106,107
 7CM can be detected by fluorescence at concentration as low as 10nM 




The initial formulations for the MIP and NIP are shown in table 4.1. 
 
Table 4.1 Initial formulations (mole-%) of MIP and NIP  
 
4.2 Characterization of the MIP and NIP 
After removal of the template, the MIP and NIP were lyophilized to dry powder. 
1
H 
NMR spectra of both polymers were taken for the structural analysis.  The phase transitions of 





83% 5% 2% 8% 0.1% 0.1% 7CM 
NIP 
Blank 
83% 5% 2% 8% 0.1% 0.1% N/A 
 60 
 
both polymers were studied by dynamic light scattering. The polymer chain lengths were 
estimated by UV-Vis.  
 
4.2.1 NMR spectra of MIP and NIP 
The samples for NMR tests are prepared by dissolving 5mg of polymer powder into 1ml 
D2O. The 
1
H NMR spectra for MIP and NIP are shown in figure 4.2 and 4.3.  
The broad peak at 8.27 ppm is from the hydrogen (c) on the carboxylic group of MAA; 
the broad peak at 7.04 is from the 4 hydrogens (b) on the aromatic ring of 4VP; the broad peak at 
6.48 is from the hydrogen (a) on the amide group of NIPAM; the broad peak at 3.72 is from the 
hydrogen (d) on the isopropyl group of NIPAM. From the integral of peak b and peak d, the 
mole ratio of NIPAM to 4VP in MIP is 12.5 : 1, while in NIP is 14.6 : 1. This means there is 
higher percentage of 4VP in the MIP. This is due to the interaction of template with 4VP during 











H NMR spectrum of MIP (D20, 400 MHz): δ 8.24 (br s), 7.05 (br s), 6.49 (br,s), 3.73 












H NMR spectrum of NIP (D20, 400 MHz): δ 8.27 (br s), 7.04 (br s), 6.48 (br,s), 3.72 









4.2.2 UV-Vis spectra of MIP and NIP 
The UV-Vis spectra of the polymers were measured by dissolving 0.002 grams of 
polymer powder into 0.5 ml of methanol first.  Then 100ul of the polymer solution was added 
into 3ml methanol in a quartz cuvette for the UV-Vis measurements. The UV-Vis spectra for 
MIP and NIP are shown in figure 4.4.  
 
Figure 4.4 Absorbance of MIP (red) and NIP (blue) from UV-Vis measurement scanned from 
200nm to 500nm. 
 
The peak around 200 nm is due to the absorption of NIPAM. The peak around 300 nm is 
from the absorption of the RAFT agent. With these the UV-Vis spectrum, the polymer chain 
length can be estimated by the method developed by John Csoros with minor modification.
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The calculation for chain length MIP is shown as following:  
The absorbance of the RAFT agent is:   0.173 
Molar absobtivity is (reported by Skrabania et al. 
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Concentration of the RAFT agent in the cuvet is: 
0.173
15800
= 1.1 × 10−5moles 
Moles of RAFT agent in the polymer is: 1.1 × 10−5 × 31 × 0.0005 
                                                                 =1.7× 10−7moles 





 The molecular weight for NIP can be estimated around 14,000 g/mole using the same 
method.  
 
4.2.3 Dynamic light scattering of MIP and NIP 
The phase transition of the MIP and NIP can be investigated by the dynamic light 
scattering. 1mg polymer dissolved in 1ml water, filtered twice with a poly (styrene) 0.45 µm 
syringe filter. The z-average radius of the polymer at each temperature was measured 3 times 
from 30°C to 50 °C. The data for MIP was shown in figure 4.5 and NIP in figure 4.6.   
The phase transition of MIP began at 44 °C, where the polymer chains started to form 
random coils. At the end of the phase transition at 50 °C, the polymer random coils aggregated 
and the solution became cloudy.  The phase transition for NIP started at 37 °C and end at 45 °C, 
which is at lower temperature range than that of MIP. This may due to less MAA and 4VP were 





Figure 4.5 Z-average radius versus temperature for MIP obtained from DLS.  MIP concentration 
was 1 g/L in water. Each temperature was held constant for 5 minutes. Three measurements were 
taken and averaged.  
 
Figure 4.6 Z-average radius versus temperature for NIP obtained from DLS.  MIP concentration 
was 1 g/L in water. Each temperature was held constant for 5 minutes. Three measurements were 










































4.3 Template removal process 
After polymerization, the polymers need to be separated from the un-reacted monomers. 
This was achieved by adding hexane into the polymerization mixture. Due to the different 
solubility, the polymers precipitated out while the monomers stayed in solution. After 
centrifugation at 6000 rpm, the polymers were collected by decanting supernatant.  Then the NIP 
was dried under vacuum for future tests. The MIP was dissolved back into dioxane for more 
rounds of precipitation to remove the template. After each round of precipitation, part of the 
polymer was dried for fluorescence test to monitor the residual template level. The fluorescent 
intensity for MIP after first round of precipitation is over 1000 units. After the 2
st
 precipitation, 
the fluorescence dropped to 45 units, which means over 90% of template molecules had been 




 round of precipitation are 
similar. The residual template molecules bond strongly with the binding sites inside the MIP, the 
precipitation method could not remove these molecules.  
Then 1 gram of the MIP from the 7
th
 precipitation was dissolved in 50 ml of pH 10 
sodium hydroxide solution in dialysis bag with molecular weight cut off (MWCO) pore size at 
45000 placed in a beaker of pH 10 solution. The dialysis went 1 week with solution changed 
every 12 hours. After 2 more days’ dialysis with D.I. water, the MIP was lyophilized to form 
white powder. After measuring the fluorescence, this MIP was dialysis in pH 3 hydrochloric acid 
solution for another week, in D. I. water 2 days. Then the MIP was lyophilized again for 
fluorescence measurements. Based on the fluorescence intensity, some of the template molecules 




However, there are still some template molecules left over inside the MIP. To completely 
remove the template, the MIP was first refluxed in 0.1 M sodium hydroxide and methanol 
(V:V=30:70) mixture for 6 hours, then flowed by dialysis in pH 10 sodium hydroxide solution 
for 2 days and  D.I. water for 1 day. After lyophilizing, the fluorescent intensity was measured. 
Based on the fluorescence, this combination of refluxing and dialysis is more efficient than just 
dialysis in base of acid.  Another round of refluxing was conducted for 72 hours, the template 
was finally removed completely from the MIP. The fluorescent intensity for each measurement is 
















Figure 4.7 Template removal process for MIP (with 7 rounds of precipitation in hexane, 1 round 
of dialysis with acid, 1 round of dialysis with base, and 2 rounds of reflux in sodium hydroxide 




































4.4 Investigation of acid base interaction between MAA and 4VP by NMR  
To mimic the non-covalent crosslinking in protein, reduce the mole percentage of 
covalent crosslinking, and increase the solubility of the MIP, MAA and 4VP were added to form 
acid base interaction.  The pKa for MAA is 4.65 
110
; for protonated 4VP is 5.62
111
 . When mixed 
together, the hydrogen (a) in the carboxylic acid group in MAA can behave as a hydrogen bond 
donor, the nitrogen (b) in aromatic ring of 4VP act as a hydrogen bond acceptor as shown in 
figure 4.8. 
 
Figure 4.8 The formation of hydrogen bond between MAA and 4VP 
 
Formation of hydrogen bonds would cause the actual electron density change around 
hydrogen (a).   Therefore, in NMR spectrum, the peak of hydrogen (a) should move to a higher 
frequency (higher ppm). The NMR spectrum of pure MAA, 4VP and a mixture of the two are 








H NMR spectra of 4VP (Bottom), MAA (Middle), and mixture (Top) 






 Based on the NMR spectrum, the peak of hydrogen (a) in MAA shifts from 9ppm to 
11ppm. This indicates the MAA and 4VP interact strongly in dioxane during the formation of 
MIP.  
 To confirm the existence of acid base interaction in the MIP, MIP-NMR reference 1 
(PNIPAM-co-MAA) was made without addition of 4VP and MIP-NMR reference 2 (PNIPAM) 
was made without either MAA or 4VP.  




H NMR spectra for MIP and MIP NMR reference 1 and 2 were made by 5mg of 
polymers in 1 ml D2O. The spectra were shown in figure 4.10. 
 
 





78% 0% 2% 20% 0.1% 0.1% 7CM 
MIP-NMR 
reference 2 







H NMR spectra of MIP (Top), MIP-NMR reference 1 (Middle), and MIP-NMR 
reference 2 (Bottom) ( D2O , 400 MHz). 
Based on the spectra in figure 4.8, the peak of hydrogen (a) in MIP-NMR reference 1 was 
at 7.59, while in MIP was shift to 8.26. This indicated that the addition of 4VP inside the 
polymer formed hydrogen bonds with MAA, causing the shift.  This confirmed that there are 
acid-base noncovalent crosslinking in the MIP.  
PRONTON-01 MIP 
PRONTON-01  
MIP-NMR reference 1 
PRONTON-01  
MIP-NMR reference 2 
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4.5 Investigation of the polymerization 
 The polymerization process of the MIP and NIP took 5 days and with a low yield. The 
estimated polymer chain length is much lower than the theoretical value. To improve the 
polymerization yield and know more about the polymerization process, polymers with 100 
monomer units (100mer) and 500 monomer units (500mer) were synthesized using the following 
formulation.  
Table 4.3 Formulation for 100mer and 500mer 
 
20 mmoles of monomers were dissolved in 50 ml dioxane. During the polymerization, 5 
ml of solution was removed from the polymerization mixture at various time. Then 15 ml of 
hexane was added to precipitate the polymer. The polymer was then dried under vacuum over 
night. The dry polymer powder was weighed and then dissolved in 1 ml methanol for UV-Vis 
analysis. 
The mass of the 100mer polymer powder at different time is plotted versus time in figure 
4.11.  Based on figure 4.11, 0.1338g of polymer was precipitated out of solution from 0.285g 
feeding monomer at 6hrs. 0.2342 grams of polymer was collected at 48 hrs. The yield reached 
maximum at 48 hrs and then leveled off, which means that the polymerization was complete at 
48 hours. The molecular weight of 100mer polymer at different time was estimated by UV/Vis 
and is plotted in figure 4.12. The molar mass of the polymer reached a maximum at 48 hours. 
 NIPAM 4VP MBA MAA RAFT 
Agent 
Initiator Template 
500 mer 83% 5% 2% 5% 0.2% 0.2% 7CM 




Figure 4.11 Mass of 100mer at different time after initiating polymerization 
 
Figure 4.12 Molecular weight of 100mer polymer estimated by UV-Vis using the method 























































The mass of the 500mer polymer powder at different time was plotted verses time in 
figure 4.13. The molecular weight of 500mer polymer at different time was estimated by UV/Vis. 
and plotted in figure 4.14.  
 
Figure 4.13 Mass of 500mer at different time 
 
Figure 4.14 Molecular weight of 500mer polymer estimated by UV-Vis using the method 




























































By comparing the data, polymers with less percentage of RAFT agent and initiator would 
grow slower and produce a smaller yield.  The actual molecular weight for 100mer 
(13000g/mole) and 500mer (13000g/mole) was close to that of 1000mer (14000g/mole). This 
may due to the different reactivity of different monomers that stops the propagation of the 
polymer chain.  
 
4.6 Optimization of polymer formulation 
Many factors can affect the binding affinity between the polymer and the template, such 
as the percentage of the covalent crosslinking, non-covalent crosslinking, recognition monomers, 
and recognition monomer to template ratio. To get the strongest binding, different combinations 
were investigated.  
 
4.6.1 Determination of percentage of crosslinking 
 MIPs with different percentage of crosslinking were prepared.  There was 2% covalent 
and 5% non-covalent crosslinking in MIP 6302, just 2% covalent crosslinking in 6303, and 10% 
non-covalent and 2% covalent crosslinking in 6304. The formulation of each polymer is shown 











85% 5% 2% 8% 0.1% 0.1% 7CM 
MIP 
6303 
95% 0% 2% 3% 0.1% 0.1% 7CM 
MIP 
6304 
75% 10% 2% 13% 0.1% 0.1% 7CM 
 
Table 4.4 MIP formulations for determination of percentage of crosslinking 
 
 After polymerization and complete removal of template, the 4 mg of the polymers was 
dissolved into 4 ml of 400 nm 7hydroxycoumarin solution and stored in the dark at room 
tempreture for 1 week. Then 1 ml the solution was loaded in one side of the equilibrium dialysis 
block with another side filled with 1ml water. The blocks were kept in 42 C water bath for 5 days. 
Then the fluorescence of the water side was measured and the distribution ratio (D ratio) was 
determined based on the standard curve of 7CM.  The D ratio of each polymer from three blocks 
were averaged and listed in table 4.5.  
 
 
Table 4.5 Average D ratio of MIPs for determination of percentage of crosslinking 
 
Polymer Polymer (g/l) 7 CM (nM) Distribution Ratio at the LCST 
MIP 6302 1  400 2.33 ± 0.001 
MIP 6303 1  400 1.05 ± 0.005 
MIP 6304 1  400 1.69 ± 0.0032 
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The data in table 4.5 indicated that the MIP with of 2% covalent crosslinking and 5% 
acid-base crosslinking binds more template molecules than other MIPs under the same condition. 
The D ration for MIP 6303 is 1.05 which is close to 1, indicating that the polymers merely bind 
any templates. 
 
4.6.2 Determination of recognition to template ratio 
MIPs with different recognition to template ratio (R to T ratio) were made.  The R to T 
ratio is 6:1 in MIP 6306, 4:1 in 6307, and 3:1 in 6304.  The formulation of each polymer was 
shown in table 4.6.  The D ratio of each polymer from three blocks were averaged and listed in 
table 4.7. 
 









82% 5% 2% 11% 0.1% 0.1% 7CM 
MIP 
6307 
84% 5% 2% 9% 0.1% 0.1% 7CM 
MIP 
6304 
85% 5% 2% 8% 0.1% 0.1% 7CM 
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Polymer Polymer (g/l) 7 CM (nM) Distribution Ratio at the LCST 
MIP 6306 1  400 2.18 ± 0.0027 
MIP 6307 1  400 2.56 ± 0.001 
MIP 6304 1  400 2.33 ± 0.0052 
 
Table 4.7 Average D ratio of MIP for determination of recognition to template ratio (R to T ratio) 
 
The data in table 4.7 indicated that the R to T ratio didn’t show much affect on the D ratio.  
However, higher R to T would cause nonspecific binding. (reference) So the R to T ratio is 
control at 4:1. 
 
4.6.3 Determination of recognition monomer 
MIPs with different recognition monomers were made.  The recognition monomer in 
6308 is 3VA, in 6309 is 4VP, and in 6307 is MAA.  The formulation of each polymer was shown 
in table 4.8.  The D ratio of each polymer from three blocks were averaged and listed in table 4.9. 
 
Table 4.8 MIP formulations for determination of recognition monomer 





82% 5% 2% 5% 4% 0.1% 0.1% 7CM 
MIP 
6309 
84% 9% 2% 5% 0% 0.1% 0.1% 7CM 
MIP 
6307 




Table 4.9 Average D ratio of MIP for determination of recognition monomer 
Based on the data in table 4.9, the MIP with 3VA as recognition monomer can bind more 
template molecules than other MIPs under the same condition.  
 
4.7 Other factors that affect D ratio 
4.7.1 Concentration of MIP 
 The concentration of MIP can affect the D ratio. Theoretically, MIP with higher 
concentration contains more binding sites in the polymer side, thus the distribution ratio would 
be higher.  The D ratios of MIP at different polymer concentration were listed in table 4.10. 
Polymer Polymer (g/l) 7 CM (nM) Distribution Ratio at the LCST 
MIP 6308 1 400 3.47 ± 0.001 
MIP 6308 0.01 400 2.74 ± 0.0045 
MIP 6308 0.001 400 2.41 ± 0.0065 
 
Table 4.10 Average D ratio of MIP at different polymer concentrations 
Polymer Polymer (g/l) 7 CM (nM) Distribution Ratio at the LCST 
MIP 6308 1  400 3.47 ± 0.0026 
MIP 6309 1  400 1.78 ± 0.0082 
MIP 6307 1  400 2.56 ± 0.0043 
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The D ratio was not proportional to the concentration. When concentration was increased 
by a factor of 10, the D ratio just slightly increased. This indicated that most of the binding sites 
were buried inside the polymer structure and were not accessible to template molecules 
 
4.7.2 Effect of detangling extent 
Since most of the binding sites were buried inside the polymer structure, it may be useful 
to dissolve the MIP 6308 in water and store the solution for 6 month.  The D ratio of this sample 
was compared to the freshly made MIP 6308 solutions in table 4.11 
Polymer Polymer 7CM (nM) Distribution Ratio at the LCST 
MIP 6308 
fresh 
0.001 400 2.41 ± 0.0083 
MIP 6308 
6 month 
        0.001 400 4.52 ± 0.0059 
 
Table 4.11 Average D ratio of MIP at different detangling time 
 
The D ratio of MIP 6038 after stored for 6 month is significantly larger than that of fresh 
made MIP solution. It is believed that the polymer chains are tangled up during the 
polymerization and were detangling slowly in solution. This detangling process made the 





4.8 Conclusion  
It was determined that the MIP with 2% (mole) covalent crosslinking and 5% (mole) non-
covalent crosslinking can bind strongly with the template. The recognition monomer 3VA 
interacted more efficiently with the template than MAA and 4VP.  
Lower the concentration of the MIPs in solution can help the detangling of the polymer 
and more binding sites were accessible to the template. The extent of the detangling affected the 















DEVELOPMENT OF BIO MIMETIC RECEPTOR (II) 
--- Determination of the binding affinity and exploration of binding process 
5.1 Introduction 
The equilibrium dialysis can only estimate the binding capacity of the polymers. The 
actual binding affinity and capacity of the MIPs developed in chapter 4 can be determined by 
titration. First, the MIPs were coated onto nano substrates. Then the composite nanoparticles 
were exposed to different concentration of template molecules.  
The spin-down experiments were designed to titrate the MIP with the template as shown 
in figure 5.1. First the composite nanoparticles were equally distributed into 1.5 ml micro 
centrifuge tubes. Then 6 standard template solutions with different concentration were added into 
different tubes. After mixing well and equilibrating for 15 min at LCST, the MIPs on the 
nanoparticles interacted with the template. After centrifugation, the bound template molecules 
moved with the nanoparticles to the bottom of the tube as pellets, while the unbound template 
molecules stayed in the supernatant. The fluorescent emission spectra of the supernatant were 
collected. The intensity of the emission was proportional to the concentration of the template. So 
moles of unbound template molecules can be calculated.  The concentration difference between 
the supernatant and the initial standard solution was the bound template molecules.   
Silica nanoparticles, magnetic iron oxide nanoparticles and gold nanoparticles were 





Figure 5.1 Scheme of spin-down experiments  
 
 To explore the binding process, the MIPs developed in chapter 4 were attached to 
fluorescein doped silica nanoparticles. 7CM and fluorescein are a FRET donor and acceptor pair.  
The emission spectrum of the 7CM overlaps with the excitation spectrum of the fluorescein.
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In the event of binding, the 7CM, which is the donor fluorophore and also is the template 
molecule, can bind to MIPs on the nanoparticle surface and transfer energy to the fluorescein 
acceptor inside the silica nanoparticles as shown in figure 5.2.  In this case, the excitation 
spectrum of the acceptor fluorescein would be affected at the wavelength where the donor 
emitted energy. In the absence of binding, 7CM molecules would stay mainly in solution, far 
away from the fluorecein. So there will not be energy transfer. The excitation spectrum of the 




Figure 5.2  FRET triggered by the binding process between the template and MIPs 
 
5.2 Determine the binding affinity  
 
5.2.1 Attaching polymer onto Arosil 200 silica nanoparticle 
 
After polymerization MIP 6308 was attached to the aminated silica nanoparticles made 
by the same method introduced in chapter 3.2.1 by NHS ester conjugation introduced in chapter 
2.6. The NHS ester end of the polymer reacted with the amine groups on the silica nanoparticles.  
After rinsing with 5% (v:v) acetic acid methanol solution to remove the template, the composite 
nanoparticles were equally distributed into 1.0 ml of  standard solutions to interact with template. 
After 1 hour of equilibrating, the nanoparticles were spin down, and the fluorescence of the 




Figure 5.3 The spin-down experiments for MIP 6308 coated arosil 200 silica nanoparticles  
Based on Figure 5.3, the slope of the supernatants is smaller than the standard curve, this 
indicated the composite silica nanoparticle did bind with the template molecules. However, the 
fluorescence for the first supernatant without addition of any template is higher than the standard. 
This is due to the scattering of silica nanoparticles stayed in the supernatant. The small size and 
low density made it impossible to completely spun down all silica nanoparticles. Because of this, 









5.2.2 Attaching polymer onto magnetic nanoparticle 
To address the density problem with silica nanoparticles, magnetic nanoparticles with 
were synthesized by a slightly modified micro-emulsion method developed by Du et al.
113
 
First, 1.4578g of CTAB, the surfactant, was dispersed into 30 g of anhydrous toluene in a 
round bottom flask under vigorous stirring. Afterwards, 0.2056 g of FeCl2·4H2O and 0.5592g of 
FeCl3·6H2O were dissolved in 5.6638 g of DI water, and this FeCl2 /FeCl3  solution was slowly 
dropped into the toluene suspension  under nitrogen. After that, the system was stirred 
continuously for 4h. Then 1.3 ml of ammonia solution was slowly added to the microemulsion 
system under a nitrogen atmosphere.2 hours later, 1.3870g of TEOS was slowly added into the 
flask. The mixture was then stirred continuously for 5 days to allow the formation of silica shell. 
The products were washed by ethanol 3 times followed by refluxing in ethanol for  
12 hours. The size of the magnetic nanoparticles was determined as 11 nm by TEM; the TEM 
images were shown in figure 5.4. 
 
Figure 5.4 The TEM images of magnetic nanoparticles 
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The magnetic nanoparticles were aminated by reacting with excess APTES in anhydrous 
toluene.  Then the MIP 6308 was coated on the aminated magnetic nanoparticles through the 
NHS ester conjugation reaction. The TEM images of the MIP coated magnetic nanoparticles 
were shown in figure 5.5. 
 
Figure 5.5 the TEM images of MIP coated magnetic nanoparticles. The grey shades around the 
black spherical nanoparticles are the MIPs.  
 
After completely removing the template, the spin-down experiments were conducted. The 





Figure 5.6 The spin-down experiments for MIP 6308 coated magnetic nanoparticles 
 
The magnetic nanoparticles can be spun down completely however the MIP coated 
polymer didn’t bind more template molecules than the NIP coated magnetic nanoparticles. This 
may due to excess the amine groups on nanoparticle surface. These amine groups can interact 
with the template molecules and cause significant non-specific binding.   
 
5.2.3 Attaching polymer onto gold nanoparticle 
The problem of non-specific binding of magnetic nanoparticles to template molecules can 

























After polymerization a dithioester end group is left on one side of the polymer chain. This 
dithioester end groups can be reduced by sodium borohydride to a thiol end group. In aqueous 
media at ambient temperature, the thiol reacts with gold nanoparticles (Figure 2.6). 
 
Figure 5.7 Attachment of MIP to a gold nanoparticle using sodium borohydride 
93
(Copyright © 
2005 American Chemical Society) 
 
The MIP coated gold nanoparticles were prepared by the coating process developed by 
Casey Grenier with minor modification. 100ul of 0.001 g/l MIP 6308, 10 ul of 0.006g/l sodium 
borohydride were added into 1 ml of gold nanoparticle solution and mixed well. The reaction 
went 4 hours at room temperature.  Then the gold nanoparticles were spun down and washed 
with D.I. water 3 times to remove the excess polymer. The TEM images for the polymer coated 







Figure 5.8 TEM images for bare gold nanoparticles (A and B) and MIP coated gold 







The data for the spin-down experiments of gold nanoparticles were shown in figure 5.9. 
The amounts of bound template molecules at different concentration were calculated in figure 
5.10.  
 
Figure 5.9 The spin-down experiments for MIP 6308 coated gold nanoparticles 
 
Figure 5.10 Amount of Template Bound to MIP coated gold nanoparticle 




















































 The binding constant can be calculated by the following equation: 
        KBinding = 
𝐵𝑜𝑢𝑛𝑑  𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒
𝐹𝑟𝑒𝑒  𝑇𝑒𝑚𝑝𝑙𝑎𝑡𝑒  𝑥  𝑀𝐼𝑃  𝑜𝑝𝑒𝑛  𝑏𝑖𝑑𝑛𝑖𝑛𝑔  𝑠𝑖𝑡𝑒𝑠
 
The calculation for 20nM (Initial Concentration=2.000x10
-8
M) spin-down experiment is: 
1) Concentration of free Template = 
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒  𝐼𝑛𝑡𝑒 𝑛𝑠𝑖𝑡𝑦 −𝑌 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
𝑆𝑙𝑜𝑝𝑒  𝑜𝑓  𝑡ℎ𝑒  𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛  𝐶𝑢𝑟𝑣𝑒
 


















4)    KBinding = 
𝐵𝑜𝑢𝑛𝑑  𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒






















5.3 Exploration of the binding process 
5.3.1 Synthesis of fluorescein doped silica nanoparticles 
The fluorescein doped silica nanoparticles are synthesized based on the method 
developed by Liu et al. with minor modification.
114
 First, FITC (3.89mg, 0.01mmol) was 
dissolved in anhydrous ethanol (800ul) in a 50 ml round bottom flask. Then APTES (13.6 uL, 
0.08 mmol) was added into the mixture, the reaction between the APTES and FITC was allowed 
to proceed for 20h in the dark at room temperature.  Next, extra anhydrous ethanol was added 
along with aqueous ammonia solution (25 %, 2 mL). After continuous stirring for another 20h, 
TEOS (0.558 mL, 2.5 mmol) was added into the mixture. Then after 20 hours of continuous 
stirring, more TEOS (13.8 mL, 0.062 mmol) was added and the mixture was stirred for 5 h.  
The resulting suspension was centrifuged at 15000 rpm for 10 min to remove the 
remaining reagents. The particles were washed with ethanol 3 times and dioxane 3 times. The 
SEM image and the fluorescence of the nanoparticles and are shown in figure 5.11.  Based on the 
SEM, the size of the nanoparticles is around 80 nm. After thoroughly washing, the nanoparticles 


















5.3.2 Synthesis of MPTT RAFT agent  
            The silanol reactive RAFT agent (MPTT) containing a trimethoxysilyl end group was 
synthesized based on the method developed by Zhao and Perrier with minor modification.
115
  
            The reaction was conducted at ambient temperature under nitrogen.  In a typical run, a 
solution of sodium methoxide in methanol (25 wt %, 6.48 g, 30 mmol) was added drop wise into 
the solution of 3-(mercaptopropyl)trimethoxysilane (95%, 6.20 g, 30 mmol) in 50 mL of 
anhydrous methanol under nitrogen and the mixture was stirred for 30 min.Then, CS2 (3.05 g, 
40mmol) was added dropwise and a yellow solution was formed immediately. The mixture was 
stirred continuously for 5 h. After that, benzyl bromide (98%, 5.24 g, 30 mmol) was added, and 
the mixture was stirred overnight.   
            The mixture was concentrated, diluted with dichloromethane, filtered off, and 
concentrated under reduced pressure. The raw product was purified by silica flash column 
chloromatography using a gradient eluent of 4:1 hexane/dichloromethane (v/v) to pure 
dichloromethane and obtained as an orange oil. The NMR spectrum of the pure MPTT is shown 










 Figure 5.12 1H NMR (CDCl3) of MPTT: 7.34 (m, 5 PhH), 5.81 (s, CH), 3.74 (3H, CH3), 3.56 (s, 
9H, CH3O), 3.37 (t, 2H, CH2S), 1.81 (m, 2H, CH2), 0.75 (t, 2H, CH2Si). 
 
5.3.3 Growing polymer from the nanoparticles surface  
The polymer was coated onto the dye doped silica nanoparticle by the ―grown from‖ 
method.  The first step was to attach RAFT agent onto the nanoparticles surface. The calculated 
amount of MPTT was mixed with nanoparticle in anhydrous toluene and heated to 100 C for 10 























washing with dioxane for 3 times, the MPTT modified nanoparticles were used as macro RAFT 
agent to make MIPs.  
The MIPs with the same formulation of MIP 6308 were grown from the silica surface 
using the standard freeze-pump-thaw methods. The polymerization went for 4 days at 70 C. 
After polymerization, the template was removed by washing the particles by THF, Acetic acid 
and methanol mixture (v:v, 10:90), and water for fluorescent tests. 
The TEM image of the MIP coated dye doped silica nanoparticles is shown in figure 5.13.  
The grey film around the white spherical particle was considered as the polymer layer.  
The NIP coated dye doped silica nanoparticles were made by the same method as MIP 





















5.3.4 Exploring the binding process 
To exploring the binding process, template samples with different concentrations were 




Figure 5.14 Fluorescent excitation spectra of the composite nanoparticles with addition of 
template at different concentrations. (The composite nanoparticles were made with 7CM 



































Figure 5.15 Fluorescent excitation spectra of the composite nanoparticles with addition of 
template at different concentration with the contribution of the initial signal subtracted  
 
 
Figure 5.16 Fluorescent excitation spectra of the composite nanoparticles (Non-imprinted) with 
addition of template at different concentrations (left) and with the contribution of original signal 
subtracted . (The composite nanoparticles were made with Non-MIP as shell and fluorescein 

























































































 The excitation spectra of the template imprinted composite nanoparticle at the 
wavelength corresponding to the contribution of template molecules were increased in the 
presence of the template molecule. This indicated that the template molecules in the solution 
could access to the binding sites inside the MIPs layer on the composite nanoparticle and transfer 
energy to the fluorescein inside the silica core.  
 The excitation spectra of the non-imprinted composite nanoparticle at the wavelength 
corresponding to the contribution of template molecules stayed constant in the presence of the 
template molecule. This indicated that the template molecules in the solution could not bind to 
the polymer layers. 
 Therefore, the FRET energy transfer can only occur in the event when the template binds 
to the polymer. The free template in the solution can not transfer energy to fluorescein inside the 











DESIGN AND SYNTHESIS OF FLUORESCENT SENSOR FOR SENSITATIVE AND 
SELECTIVE DETECTION OF 7-HYDROXYCOUMARIN 
 
6.1 Introduction 
Fluorescent sensors developed by incorporating fluorescent dye covalently into molecular 
imprinted polymer matrix have been studied by many research groups all over the world because 
of their potential for high sensitivity and real-time monitoring. 
116
  
For example, Wu et al. 
117
 prepared a polymerizable dansyl monomer---dansyl 
methacrylate by coupling 2-aminoethyl methacrylate hydrochloride and dansyl chloride. A 
fluorescent molecularly imprinted polymer chemosensor (fMIPcs) was prepared by precipitation 
polymerization with this dansyl monomer as the functional monomer for monitoring bisphenol A 
(BPA) in tap and river water.  The assay performed in 96-well plates indicated that fMIPcs can 
selectively bind to BPA with 60% reduction in fluorescence intensity.  The limit of detection and 





             
Figure 6.1 Bisphenol A detection using fMIPs with M1 in 96-well plate 
117
 (Copyright © 2014 
Elsevier Ltd.) 
Besides dansyl, the fluorescein skeleton has also been used for the design of dyadic 
fluorescent monomers. Gao et al. 
118
 synthesized a fluorescein based monomer --- allyl 
fluorescein by reacting fluorescein with allyl bromide. Fluorescent molecularly imprinted 
polymer microspheres were prepared by precipitation polymerization. Upon addition of 1.0 nM 
cyhalothrin template, the fluorescence of the polymer microspheres was quenched by 20%. A 
linear relationship could be obtained covering the lower concentration range of 0–1.0 nM with a 




Figure 6.2 Response of the fMIP (left) microspheres and fluorescent non-imprinted polymer 
(NIP) (right) microspheres to cyhalothrin in a concentrationrange from 0 to 1.0 nM. 
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Dyadic fluorescent monomers equipped with a polymerizable functional group were used 
as the functional monomer for the sensing of template molecules these two researches as shown 
in figure 6.3.  Both  sensors are able to detect template molecules at low concentration. However 
the selectivity for both sensors is not promising. This is because of the dyadic fluorescent 
monomers are not capable of interacting with the template molecules in a specific pattern during 
the formation of binding sites. Therefore, limited amount of dyadic fluorescent monomers were 
effectively built inside the binding sites. Accordingly, a sizeable number of dyes are not 







Figure 6.3 Dyadic fluorescent monomers :dansyl methacrylate(left) and allyl fluorescein 
(right) 
 
The key point to solve this problem is to locate the fluorescent monomers only in the 
binding sites. 
120
To this goal, a triadic fluorescent monomer that contains a polymerizable double 
bond, a functional group to specifically interact with the template molecule, and a fluorescent 
fragment was designed and synthesized in the following project.  
 
6.2 Design and strategy 
Lysine, an essential α-amino acid making up 5.9% of all sites in human proteins, was 
chosen as the backbone for the trifunctional fluorescent monomer. Besides the α-amino group 
and α-carboxylic acid group of all amino acids, lysine contains a lysyl  group ((CH2)4NH2) as 
shown in figure 6.3.  The protonated ε-amino group has a significantly higher pKa (about 10.5 in 
polypeptides) than the α-amino group. Therefore, it often participates in hydrogen bonding and 





Figure 6.4 Structure of Lysine 
 
Lysine residues are usually found on the surface of proteins increasing water solubility 
due to ionic character of the protonated ε-amino group. Therefore, native lysine residues are 
convenient targets for protein modification. 
123
 Many reagents have been used to react with the ε-








Inspired by these ways of protein modification on lysine residues, I hypothesis that the 
two amine groups on lysine can be modified by polymerizable groups and fluorescent fragments. 
The modified lysine could then be incorporated into an MIP matrix and also is fluorescent. 
Compared to the common dyadic fluorescent monomer, the advanced point for this design is the 
presence of an active carboxylic acid group after the modification of these two amine groups. 
With a low pKa, the carboxylic groups can form hydrogen bonds with the template molecules 
during the formation of binding sites. Therefore, a trifunctional fluorescent monomer can be 
successfully constructed.  
Furthermore, if the fluorescent fragment is located close enough to the carboxyl acid 
group and is sensitive to the microenvironment around it, the interaction between the carboxylic 
acid groups with the template molecules would affect the fluorescence of the fluorescent 
fragment.  Therefore, the fluorescent fragment must be connected to the α-amino group, which is 
two bonds distance from the carboxylic acid group. Accordingly, the polymerizable double bond 
 108 
 
must be attached to the ε-amino group. The proposed structure for the trifunctional fluorescent 
monomer is depicted in figure 6.5. 
 
Figure 6.5 Proposed structure for the trifunctional fluorescent monomer 
 
The fluorescence of the nitrobenzofurazan (NBD) moiety is environmentally sensitive; it 
is virtually nonfluorescent in water but becomes strongly green fluorescent in hydrophobic media. 
Because of this, the NBD moiety has been extensively used for chromatographic analysis of 
amino acids and low molecular weight amines.  
127
  In this project, 4-Chloro-7-nitrobenzofurazan 
(NBD-chloride) is reacted with the α-amino group in lysine. This compound is nonfluorescent 
until it reacts with primary to produce highly fluorescent derivatives. The excitation and 








Figure 6.6 Normalized fluorescence excitation (Exc.) and emission (Em.) spectra of NBD-PS 





6.3 Advantages of this strategy   
With the triadic design, the trifuctional fluorescent monomer can form strong specific 
binding with template molecule through noncovalent interaction between the carboxylic acid 
group and the template molecule. It can be covalently incorporated into the polymer matrix 
through the polymerizable double bond. The environmental sensitive fluorescent fragment can 
transfer the chemical binding process into a measurable analytical signal. The predicted binding 
sites configuration is shown in figure 6.7.  
 
Figure 6.7 Predicted binding sites configuration 
 
As shown in figure 6.7, after polymerization the trifuctional fluorescent monomers will 
only be located inside the binding sites. Because most of the fluorescent monomers are close to 
the template molecules, the background fluorescence can be greatly reduced. It was anticipated 
that the rebinding of the template with the MIP would significantly modify the output signal of 
 110 
 
the NBD moiety. Compared to other dyadic fluorescent monomers, this trifuctional fluorescent 
monomer will be more sensitive and selective.  
 
6.4 Synthesis of the trifunctional fluorescent monomer 
The first part of the synthesis is to protect the α-amino group and attach polymerizable 
double bonds on to the ε-amino group. This was achieved by following the method developed by 
Nagaoka with minor modification. 
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The α-amino group was protected by adding basic cupric carbonate to hot aqueous lysine 
solution to form the lysine-copper complex shown in figure 6.8.  L-Lysine hydrochloride (10 g, 
54.8mmol) was dissolved in water (120 ml) at 90C. Basic cupric carbonate (6.66 g, 30.1 mmol) 
was added slowly to the solution and stirred for 10 min. After cooling and filtering the insoluble 
residue, a solution of lysine-copper complex was attained.  
 
 
Figure 6.8 Synthesis of lysine-copper complex 
The polymerizable double bonds were attached to the ε-amino by reacting acryloyl 
chloride with the lysine-copper complex shown in figure 6.9. First, 58 ml of acetone and 27.4 ml 
of 2.0 M KOH aqueous solution was added to the solution of lysine-copper complex. Then 
acryloyl chloride (1.38 ml, 17.1 mmol) and 7.7 ml of 2.0 M KOH aqueous solution were added 
every 5 min at 3C. This procedure was repeated four times. After stirring for 12 h, the 
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precipitates of the acrylamide lysine-copper complex were filtrated and washed successively 
with water, methanol, and ether.  
 
 
Figure 6.9 Synthesis of acrylamide lysine-copper complex 
The structure of acrylamide lysine-copper complex was confirmed by their IR spectra. 
the peak at 3100–3400 cm-1 is from the N-H stretch  in amide and amine;  peak at 2880–2960 
cm
-1
 is from the C-H stretch; the peak at 1660 cm
-1
 is from the C=O stretch in the amide.
 
 













The α-amino group was de-protected using 8-hydroxy quinoline as an organic chelate 
precipitant to form a complex with copper ion as shown in figure 6.11.  The solid of acrylamide 
lysine-copper complex (21.0 g, 45.5 mmol) was ground with a mortar first, then dispersed in 
water (300 ml), and a chloroform solution (300 ml) of 8-quinolinol (7.91 g, 54.5 mmol) was 
added. After stirring overnight in a round bottom flask at room temperature, a green precipitate 
in the chloroform layer was produced. This was removed by filtering. Three extractions with 
chloroform were performed to remove traces of 8-hydroxy quinoline. The raw product acryloyl 
lysine was collected by the lyophilizer to dry out the water layer. Then raw product was 
dissolved in 5ml water with 2ml acetic acid. The white precipitate was recrystallized from 
teterahydrofuran. The structure of acryloyl lysine was confirmed by 
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H NMR spectrum of acryloyl lysine (D2O, 400 MHz): 1.22 (m, 2H, CH2), 1.42 (m, 
2H, CH2), 1.66 (m, 2H, CH2), 2,89 (t, 1H, CH), 3.73 (t, 2H, CH2), 5.65 (d, 1H, CH2=CH[trans]), 





The second part of the synthesis is to graft NBD fluorescent fragment onto the α-amino 
group as shown in figure 6.13. (1.3g, 10mmol) acryloyl lysine was dissolved in 10ml 0.1 molar 
sodium bicarbonate buffer. Then a solution of (2g, 10mmol) NBD-Cl in 80 ml methanol was 
added. The mixture was heated up to 50C and stirred for 2hrs. After removing the methanol, the 
raw product was lyophilized to remove the water. The NMR spectrum of the NBD-lysine is show 
in figure 6.14. 
 



































The fluorescent spectra of the 0.01mg/l of NBD-Lysine in ethanol are shown in figure 
6.15. The maximum excitation wavelength is 498 nm and the maximum emission wavelength is 
500nm. 
 
Figure 6.15  Fluorescent excitation and emission spectra of NBD-lysine 
 
6.5 Synthesis of the fluorescent sensor 
 A fluorescent sensor was developed by incorporating the NBD-lysine into the MIP matrix 
as a recognition monomer. The MIP formulation was optimized throughout the project to ensure 
that the MIP would selectively bind the template with high affinity.  The carboxylic acid group 
in NBD-lysine molecule can form hydrogen bond with the template molecule for specific 
recognition. The recognition monomer to template molar ratio is 5:1, to fully saturate the 
template’s hydrogen binding sites. The MAA and 4VP were used to form acid/base non-covalent 




crosslinking. Below in table 6.1 is a polymer formulation for the final optimized MIP and NIP 
blank.  
 
Table 6.1 Polymer formulations formulation of MIP sensor and NIP blank 
 
The fluorescent spectra for the 0.1mg/l MIP sensor in ethanol are shown in figure 6.16. 
The maximum excitation wavelength is 470 nm and the maximum emission wavelength is 538 
nm.  The trifunctional fluorescent monomer was successfully incorporated into the MIP matrix.  
 
Figure 6.16 Fluorescent excitation and emission spectra of MIP sensor 
 










MIP Sensor 83% 5% 2% 5% 5% 1% 0.1% 7CM 
NIP Blank 83% 5% 2% 5% 5% 1% 0.1% N/A 
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6.6   Response of MIP sensor to the template 
After polymerization, the MIP sensor was precipitated out by adding hexane to the 
polymerization mixture. Then the MIP sensor was dialyzed against THF for 4 weeks to remove 
the template.  After the removal of the template, the MIP sensor and NIP blank were dissolved in 
ethanol. 
 The response of the MIP sensor and NIP blank to the template molecule in ethanol was 
measured by adding different amount of template into 0.1mg/l MIP sensor or NIP blank 
solutions at 38C. The response of MIP sensor to the template is shown in figure 6.17. The 
excitation wave length is 450 nm, the slit width is 10nm for both excitation and emission. Upon 
the addition of 1 nano molar template into the MIP solution, the fluorescence of the MIP sensor 
was quenched.  More template molecules cause stronger quenching. The quenching effect 
reached maximum when 1 micro molar template molecule was added. This indicates the MIP 
sensor can detect the template molecule in nano molar level with significant signal change. The 
binding sites in MIP sensor were saturated when 1 micro molar of template was added. 
As a control, the response of NIP to the template molecule was also measured with the 
same method, shown in figure 6.18.  








Figure 6.17 Response of MIP sensor to template  (λex=450nm, at 38C) 
 
































































6.7 Selectivity Test 
To investigate the selectivity of the MIP sensor, different structural analogues of the 
template molecules were tested. The analogues were dissolved in ethanol at a concentration of 
100 nM. In the tests, 300 ul of each structural analogue solution was added to700 ul of the MIP 
sensor solution. The fluorescent spectra are shown in figure 6.19. 
 
 
Figure 6.19 Selectivity tests 
After subtracting the dilution effect of the addition of solvent ethanol, the fluorescent 
quenching for each structural analogue was calculated and shown in figure 6.20. Based on the 
data, the MIP sensor can selectively response to the template molecule with significant signal 












Figure 6.20 Selectivity tests 
 
 The fluorescent sensor based on NBD-lysine can selectively detect the template 
molecules with high affinity. However, the test can only be conducted in ethanol because of the 
weak fluorescent intensity of NBD-lysine in aqueous solvent.   
To solve this problem fluorescein based trifunctional monomer (F-Lysine) was 
synthesized by reacting fluorescein isothiocyanate (FITC) with α-amino group of lysine.  
Quantum dots embedded silica nanoparticles were synthesized to support the MIP and acted as 
internal standard.  A ratiometric fluorescent sensor based on fluorescein trifuctional monomer 
with quantum dots as internal standard was developed.  
It was expected the F-lysine can interact strongly with template and can be incorporated 
into the biding sites. In the event of the binding, the intensity of the F-lysine will be quenched 
and the intensity of the red quantum dots will stay the same.  If the ratio of the quantum dots and 
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the F-lysine were controlled properly, the composite nanoparticle would emit red light 
dominated by the red quantum dots.  In the event of the binding, the composite nanoparticle 


















6.8 Synthesis of ratiometric fluorescent sensor based on fluorescein trifuctional monomer 
with quantum dots as internal standard 
6.8.1 Synthesis of the fluorescein based trifunctional monomer (F-lysine) 
(0.0037g, 0.01 mmol)  FITC was dissolved in 5ml methanol. (0.013g, 0. 1mmol) acryloyl 
lysine was dissolved in 1ml 0.1 molar sodium bicarbonate buffer. The two solutions were mixed 
and stirred at room temperature for 48 hour in dark. Thin layer chromatography on silica gel 
plates of the product mixture with methanol as eluent is shown in figure 6.21. The lower 
component was purified by flash chromatography with methanol as eluent.  The NMR spectrum 








Figure 6.21 Thin layer chromatography for the reaction between FITC and acryloyl lysine (left) 



















6.8.2 Synthesis of quantum dots embedded silica nanoparticles 
The red CdTe quantum dots were synthesized by the method developed by Zhang et al. 
with minor modification.
129
 Briefly, 0.0638 g of tellurium powder and 0.1 g of NaBH4 were 
added to 10 mL of ultrapure water under nitrogen atmosphere. The mixture was stirred for 8 h in 
an ice bath to form NaHTe.  0.2284 g of CdCl2 · 2.5H2O and 210 μL of 3-mercaptopropionic 
acid (MPA) were dissolved in 125 mL of ultrapure water, and the pH value of the solution was 
adjusted to 9 with 1.0 M NaOH. After degassing for 30 min, the freshly prepared NaHTe 
solution was added. The mixture was refluxed 48 hours to produce red CdTe quantum dots. The 
prepared CdTe QD solution was then illuminated for 10 h with a UV lamp to enhance the 
fluorescence quantum yield. The photo of red CdTe quantum dots is shown in figure 6.23.  
 
Figure 6.23 Photo of red CdTe quantum dots 
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The fluorescent emission spectra for F-lysine and the red CdTe quantum dots are shown 
in figure 6.24. The maximum emission wavelength of F-lysine is 520 nm. The maximum 
emission spectrum for the quantum dots was at 620 nm.  
 
 
Figure 6.24 The fluorescent emission spectra for F-lysine and the red CdTe quantum dots 
(excited wavelength was at 480 nm) 
 
 The red CdTe quantum dots were embedded inside the silica naoparticles by 
microemulsion method developed by Wang et at. with minor modification.
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 In this method, 
cyclohexane was used as a continuous phase, and Triton X-100 and n-hexanolwere regarded as 
surfactant and co-surfactant respectively. Briefly, 7.5mL cyclohexane, 1.77mL Triton X-100, 
1.8mL n-hexanol, 400uL aqueous solution of as-prepared CdTe QDs and 60ul NH4OH were 
mixed to form microemulsion. After addition of 100uL TEOS, the reaction was stirred in dark 












dioxane for future modification. The photos of the CdTe/SiO2 composite nanoparticles without 
and with UV excitation is shown in figure 6.25 
 
Figure 6.25 The photos of the CdTe/SiO2 composite nanoparticles without and with UV 
excitation 
6.8.3 Coating MIPs onto nanoparticle surface   
The RAFT agent MPTT was attached onto the CdTe/SiO2 composite with the method 
described in 5.3.3. The formulation of the MIPs was the same as the MIPs in 6.5 except that F-
lysine is the functional monomer. The template was removed by rinsing the composite 




6.8.4 Fluorescent tests  
The fluorescent emission spectra of the polymer coated nanoparticle are shown in figure 
6.26. Instead of two independent peaks at 520 nm for the F-lysine and 620 for the red quantum 
dots, there is only one peak at 550nm.   
 
Figure 6.26 Fluorescent emission spectra of the composite nanoparticles (The composite 
nanoparticles were composed by MIPs shell using F-lysine as functional monomer, and silica 
nanoparticles core with red CdTe quantum dots embeded ) 
  This result indicated that the amount of the green F-lysine in the MIP layer and amount of 
the red quantum dots in the silica core need further adjustment so both peak can appear 































 In this chapter, two trifunctional monomers NBD-lysine and F-lysine were synthesized. 
The MIPs with NBD-lysine as functional monomer can detect the template at 1 nano molar 
concentration, which indicated the high binding affinity. The selectivity of the MIPs was also 
promising.  
 However, NBD-lysine can only work in ethanol, the fluorescent intensity of NBD-lysine 
in water is too low for template detecting.  
 To solve this problem, F-lysine was synthesized. This fluorescein based fluorophore 
fluorescence green light strongly in water.  A ratiometric sensor was designed by attaching the 
MIPs with F-lysine as function monomer onto silica nanoparticles embedded by red CdTe 
quantum dots. It was expected that the green peak would be quenched in the presence of the 
template while the red peak stayed same as a standard.  So the color of the sensor would change 
with the addition of the template.   
 The results indicated that it was feasible to synthesize the composite nanoparticle. 








CHAPTER 7 CONCLUSIONS AND FUTURE WORK 
In this dissertation, different fluorescent sensors were developed for sensitive and 
selective detection of template molecules using the novel biomimetic MIPs as receptors.  
The sensor developed in chapter 3 was based on FRET energy transfer for the detection 
of 4NP. It can detect 4NP at as low as 1x10
-7
molar concentration. The sensor can selectively 
bind to the templates while ignoring the isomers. However, the distance change caused by the 
binding between the templates with MIPs was not significant enough to change the acceptor to 
donor fluorescent intensity ratio (A/D ratio). Therefore, sensors based on this design do not 
produce a ratiometric response. 
The free floating biomimetic receptors developed in chapter 4 and 5 have high binding 
affinity (K binding=1x10
8
M). The binding sites are maintained by 2% mole covalent crosslinking 
with 5 % percent acid base crosslinking. The backbones of the MIPs are thermally sensitive 
PNIPAm, which undergoes a phase transition at the LCST. The hydrophobic interactions 
between the isopropyl groups help to maintain the configuration of the binding sites. The 
problem for this receptor is the tedious template removal process. Future work needs to focus on 
the development of more efficient template removal methods.  
The sensor developed in chapter 6 used the synthesized trifunctional fluorescent NBD-
lysine as functional monomer. This sensor can selectively detect template at 1nM with high 
selectivity. The problem is that the sensor can only be used in ethanol.  The problem can be 
solved by using a fluorescein based monomer (f-lysine). A ratiometric fluorescent sensor can be 
developed by using quantum dot embedded silica nanoparticles as core, f-lysine incorporated 
MIPs as shell. It is feasible to synthesize the quantum dots with the right emission wavelength. 
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The F-lysine functional monomers have been synthesized successfully. The protocol to grow 
polymers from silica surface has been established.  Future work needs to been done to determine 
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